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Hydraulic cylinder-driven control systems have become increasingly pop-
ular as the means of actuation for human-scale legged robots (such as Boston
Dynamics’ ATLAS humanoid) and assistive devices (such as Lockheed Martin’s
HULC exoskeleton) largely due to their high actuator power density. McKibben
muscles are also an attractive actuator choice among the robotics community
because of their extremely light weight, high force capacity, and low fabrica-
tion cost. The vast majority of these actuators are operated pneumatically, en-
hancing compliance, but resulting in extremely low efficiencies. Powering these
actuators hydraulically increases actuator stiffness and allows for roughly dou-
ble the efficiency. While running the system hydraulically is more efficient than
pneumatic operation, efficiency is still one of the largest drawbacks of hydraulic
servo-systems, where on average 43% of the input power is lost to valve throt-
tling. Due to these large losses, one of the biggest limitations of these robots is
their run time untethered from a power source.
This dissertation aims to improve actuation efficiency in order to enable a
greater range for mobile robots. First, the transduction efficiency of McKibben
muscle actuators is characterized, and is increased through the use of higher
bulk modulus fluids, inelastic bladders, and higher pressures. Through these
modifications, the transduction efficiency is increased from 27% for a pneumatic
latex bladder McKibben muscle, to 80% for a hydraulic low density polyethy-
lene bladder McKibben muscle. Next, a real-time variable recruitment actua-
tion scheme is implemented on a bundle of parallel McKibben actuators for the
purpose of reducing servovalve throttling losses. This strategy minimizes fluid
power consumption by selectively activating the minimum number of McK-
ibben actuators required by the load, and is inspired by multiple motor unit
summation in skeletal muscle. Over the range of loads tested on the proof-of-
concept bundle, variable recruitment is shown to increase actuation efficiency
from 39% to 57% compared to a throttling only approach. Lastly, an improved
angular position controller for the hydraulic McKibben actuators is formu-
lated via a cascaded PI(angular feedback)-P(pressure feedback)-controller with
feedforward compensation. The feedforward term provides anticipative action
through a McKibben flowrate model and valve flow gain. This controller in-
creases system bandwidth and reduces settling times. These control techniques
are then discussed within the context of enhanced variable recruitment control,
and overall future directions for improving system efficiency are considered.
BIOGRAPHICAL SKETCH
Michael Meller began his graduate studies at Cornell University in 2010,
where he majored in Mechanical Engineering, in the concentration of Dynam-
ics and Control. He joined the Laboratory for Intelligent Machine Systems
(LIMS), under the direction of the late Professor Ephrahim Garcia – before his
untimely passing in 2014. During his graduate studies, Michael was a Labo-
ratory Teaching Assistant for Dynamics, Mechatronics, and Feedback Control
Systems. While he was the Head Lab Teaching Assistant for Mechatronics in
2012, Michael was awarded the Sibley Prize for Excellence in Graduate Teach-
ing Assistance. Michael also actively participated in outreach to stimulate in-
terest in STEM among middle and high school students; he has helped co-lead
workshops about rocketry in 4H and robotics in EYH.
In 2014, Michael was awarded a Master’s of Science degree for his work on
hydraulic McKibben artificial muscle actuators. He continued his research on
hydraulic McKibben muscles in pursuit of his doctorate, but in a variable re-
cruitment, parallel arrangement for improving actuation efficiency. In June of
2015 he led the trip to Pomona, CA for the DARPA Robotics Challenge, where
the LIMS lab demonstrated their artificial muscles on a robotic arm. Michael has
published (as a first author) one paper in the Journal of Intelligent Material Sys-
tems and Structures (JIMSS), one paper in Bioinspiration and Biomimetics, and has
one paper in review for Sensors and Actuators: A Physical. Additionally, he has
several co-authored papers published in JIMSS as well as in the Smart Materials
and Structures Journal.
iii
For Ephrahim.
iv
ACKNOWLEDGEMENTS
I am forever grateful to my advisor, Prof. Ephrahim Garcia, who was taken
from us far too soon. My memories of his curiosity, compassion, and grit are a
constant source of inspiration for me. I greatly appreciate the advice, insight,
and help of my special committee, Prof. Mark Campbell, Prof. Amit Lal, Prof.
Rob Shepherd, and Prof. Matthew Bryant.
I would like to thank my parents, Pat and Mitch, and my sister, Julia, for
always pushing me to strive for better, get the most out of life, and for always
being there for me. I am grateful for the warmth and support from all of my
friends and family along the way. I am thankful for my oncologists, and the
research and nursing staff at the Wilmot Cancer Center for restoring my health.
I am extremely grateful to the MAE department, specifically Prof. Mark
Campbell, Dr. Marcia Sawyer, and Prof. Brian Kirby for their kindness, generos-
ity, and help during my time at Cornell – especially when Prof. Garcia passed
away, throughout my lymphoma treatment, and amidst building renovations.
I thank my LIMS lab mates: Prof. Matthew Bryant, Dr. Rashi Tiwari, Mitchell
Walters, Dr. Alexander Schlichting, and Dr. Juan Gomez for welcoming me into
into the lab and for their advice; Boris Kogan, Alexander Volkov, Jordan Chipka,
Joval Mathew, Julian Whitman, and more for helping bring our research to life;
and Dr. Malika Grayson, Dr. Erick Ball, Sean Mitchell, and Liz Hasseler for their
moral support.
I am grateful for David Hartino and Liran Gazit’s wisdom and efforts setting
up labs that I TAed. I thank Leon Stoll for his perspective and helping with
many lab purchases, and Matt Steel for assisting with our wild laboratory needs.
Lastly, I gratefully acknowledge funding support for my graduate studies
from Cornell University, Moog Inc., and the DARPA M3 program.
v
TABLE OF CONTENTS
Biographical Sketch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii
Dedication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v
Table of Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi
List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii
List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix
List of Abbreviations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xii
List of Symbols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii
Introduction 1
1 Reconsidering the McKibben muscle: energetics, operating fluid, and
bladder material 4
1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2 Energetics of McKibben Muscles . . . . . . . . . . . . . . . . . . . 6
1.2.1 Experimental Procedure and Test Apparatus . . . . . . . . 7
1.2.2 Experimental Characterization of Efficiency . . . . . . . . 10
1.3 Operating Fluid Effects on Efficiency . . . . . . . . . . . . . . . . . 13
1.3.1 Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.3.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.4 Bladder Material . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
1.4.1 Construction . . . . . . . . . . . . . . . . . . . . . . . . . . 17
1.4.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
1.5 Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
1.5.1 Volume measurement and its applications to modeling . . 24
1.5.2 Using free strain and blocked force data to improve the
virtual work model . . . . . . . . . . . . . . . . . . . . . . . 30
1.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2 Improving actuation efficiency through variable recruitment hydraulic
McKibben muscles: modeling, orderly recruitment control, and exper-
iments 38
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.1.1 Fluidic artificial muscles and actuation in robotics . . . . . 38
2.1.2 Hydraulic control system limitations . . . . . . . . . . . . . 40
2.1.3 Variable recruitment in skeletal muscle . . . . . . . . . . . 41
2.1.4 Variable recruitment FAMs . . . . . . . . . . . . . . . . . . 41
2.2 Muscle bundle development . . . . . . . . . . . . . . . . . . . . . . 43
2.2.1 Hydraulic McKibben muscle fabrication . . . . . . . . . . . 43
2.2.2 Custom bundling manifold design and assembly . . . . . 44
2.2.3 Motor unit and recruitment level definitions . . . . . . . . 45
2.2.4 Effect of total number of recruitment levels on efficiency . 46
vi
2.3 Muscle bundle characterization . . . . . . . . . . . . . . . . . . . . 50
2.3.1 All recruitment levels at 965 kPa (140 psi) . . . . . . . . . . 51
2.3.2 ‘Equivalent’ force output recruitment level pressures . . . 53
2.4 Muscle bundle modeling . . . . . . . . . . . . . . . . . . . . . . . . 54
2.4.1 Volume-based recruitment level effective initial braid angle 54
2.4.2 Semi-empirical virtual work model . . . . . . . . . . . . . 57
2.4.3 Analytic investigation of variable recruitment . . . . . . . 59
2.5 Variable recruitment robot arm apparatus and controller imple-
mentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
2.5.1 System definition . . . . . . . . . . . . . . . . . . . . . . . . 62
2.5.2 Single equivalent muscle control . . . . . . . . . . . . . . . 64
2.5.3 Online recruitment control strategy . . . . . . . . . . . . . 64
2.5.4 Recruitment logic state machine . . . . . . . . . . . . . . . 67
2.6 Variable recruitment experimental results . . . . . . . . . . . . . . 69
2.6.1 SEM and variable recruitment tests with real-time orderly
recruitment . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
2.6.2 Efficiency discussion of the two actuation schemes . . . . 74
2.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
2.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
3 Model-based feedforward and cascade control of hydraulic McKibben
muscles 81
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
3.2 System definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
3.3 Controller development . . . . . . . . . . . . . . . . . . . . . . . . 84
3.3.1 PI-control . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
3.3.2 PI-control with model-based feedforward . . . . . . . . . . 87
3.3.3 Cascaded PI-P-control with model-based feedforward . . 91
3.4 Parameter identification for feedforward compensation . . . . . . 92
3.4.1 Effective initial braid angle of the parallel McKibben mus-
cles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
3.4.2 Electrohydraulic servovalve flow gain . . . . . . . . . . . . 94
3.5 Angular position tracking experiments for developed controllers 95
3.5.1 Sinusoidal angular position tracking . . . . . . . . . . . . . 96
3.5.2 Frequency response . . . . . . . . . . . . . . . . . . . . . . 98
3.5.3 Step response . . . . . . . . . . . . . . . . . . . . . . . . . . 99
3.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
3.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
Conclusions 106
vii
LIST OF TABLES
2.1 Servovalve commanded voltage with recruitment level. . . . . . 66
2.2 Cycle time spent in each recruitment level for the five loading
conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
3.1 Survey of existing controllers for McKibben muscles and tradi-
tional hydraulics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
3.2 Comparison of controllers tested. . . . . . . . . . . . . . . . . . . 103
viii
LIST OF FIGURES
1.1 (a) Picture of a FAM mounted in the Instron 5566, and (b) a dia-
gram of the full experimental apparatus used for testing. . . . . . 8
1.2 (a) Tension-stroke plot that yields mechanical output work; and
(b) pressure-volume plot that yields fluid input energy for a tra-
ditional latex bladder FAM operating at 4.1 bar. . . . . . . . . . . 9
1.3 (a) Mechanical output work, (b) fluid input energy, (c) and effi-
ciency of the latex muscle all as a function of pressure. (d) Ten-
sion, (e) volume, (f) mechanical output work, (g) fluid input en-
ergy, (h) and efficiency of the latex muscle all as a function of
contraction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.4 (a) Tension-stroke plot that yields mechanical output work, and
(b) pressure-volume plot that yields fluid input energy for a tra-
ditional FAM operating at 4.1 bar, comparing both hydraulic and
pneumatic operation. . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.5 (a) Mechanical output work, (b) fluid input energy, (c) and effi-
ciency of the latex muscle all as a function of pressure for pneu-
matic and hydraulic operation. (d) Mechanical output work, (e)
fluid input energy, and (f) efficiency of the latex muscle all as a
function of contraction at 4.1 bar for pneumatic and hydraulic
operation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
1.6 (a) Picture of the components that make up the LDPE bladder
muscle, (b) diagram of the construction method of the LDPE
bladder muscle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
1.7 The bladder material of the muscles in each subfigure from left
to right is LDPE, Viton, and latex. (a) All muscles at 0 bar; (b) all
muscles at 0.69 bar with a very active LDPE bladder muscle and
relatively inactive elastomeric bladder muscles; (c) all muscles at
3.4 bar. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
1.8 (a) FAM free contraction data, and (b) blocked force data of the
three bladder variants as a function of pressure. . . . . . . . . . . 21
1.9 (a) Mechanical work output; (b) fluid energy input; and (c) ef-
ficiency of all 3 FAM bladder variants as a function of pressure.
(d) Mechanical work output; (e) fluid energy input; and (f) effi-
ciency of all 3 FAM bladder variants as a function of contraction
at 4.1 bar. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
1.10 Tension-contraction plots for various pressures including hys-
teresis for the (a) latex bladder muscle, (b) LDPE bladder muscle,
and (c) Viton bladder muscle. . . . . . . . . . . . . . . . . . . . . . 24
1.11 Volume as a function of contraction ratio for the (a) latex bladder
muscle, (b) LDPE bladder muscle, and (c) Viton bladder muscle. 27
ix
1.12 Experimental data with ideal virtual model and volumetrically
determined initial braid angle for (a) latex bladder muscle, (b)
LDPE bladder muscle, and (c) Viton bladder muscle. . . . . . . . 29
1.13 (a) Free contraction trends and (b) blocked force trends plotted
with the experimental data for all three muscle variants. . . . . . 33
1.14 Proposed adjusted virtual work model with data for the (a) latex
bladder muscle, (b) LDPE bladder muscle, and (c) Viton bladder
muscle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
1.15 Model and experimental data for (a) mechanical output work,
(b) fluid input energy, and (c) efficiency all as a function of pres-
sure. Model and experimental data for (d) mechanical output
work, (e) fluid input energy, and (f) efficiency all as a function of
contraction for all the muscles at an operating pressure of 4.1 bar. 35
2.1 Schematic of the custom bundling end cap manifold that both
mechanically binds all of the HAMs together and fluidically con-
nects the appropriate pairs. . . . . . . . . . . . . . . . . . . . . . . 45
2.2 Fully assembled muscle bundle, comprised of three McKibben
pairs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
2.3 Definition and force amplification of motor units and recruit-
ment levels. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
2.4 Theoretical average operating efficiency versus the total num-
ber of recruitment levels (made up of equally sized motor units)
comprising a full muscle bundle. . . . . . . . . . . . . . . . . . . . 50
2.5 Force-strain curves of recruitment levels 1, 2, and 3 all at 965 kPa
(140 psi). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
2.6 Recruitment levels 1, 2, and 3 (from left to right) all at the free-
strain condition at 965 kPa (140 psi), exhibiting buckling of the
inactive motor units. . . . . . . . . . . . . . . . . . . . . . . . . . . 52
2.7 Force-strain curves of each recruitment level at pressures pre-
dicted by the ideal model to yield equivalent force output. . . . . 53
2.8 Experimental volume delivered versus strain of each recruit-
ment level at 483 kPa (70 psi), and associated model using the
fitted effective initial braid angle for each recruitment level. . . . 56
2.9 Semi-empirical force-strain model and data for the contraction
portion of Figure 2.7 across all recruitment levels and for (a)
lower and (b) higher pressures. . . . . . . . . . . . . . . . . . . . . 59
2.10 Semi-empirical model predicted (a) efficiency versus load lifted
while contracting from 0 to 5% strain, and (b) efficiency versus
strain while lifting 80 kg, for variable recruitment and a single
equivalent muscle. . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
2.11 The variable recruitment robot arm experiment setup. . . . . . . 63
x
2.12 Diagram of the robot arm and hydraulic system (solid lines de-
note hydraulic transmission lines, dashed lines denote electrical
signals). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
2.13 (a) High level block diagram of the MISO controller and plant,
and (b) detailed block diagram of the controller. . . . . . . . . . . 65
2.14 (a) Recruitment logic state machine, and (b) the associated pres-
sure thresholds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
2.15 (a) Single equivalent muscle (all motor units active) arm angle
tracking and the associated mechanical power output and fluid
power input versus time lifting the median 4.54 kg (10 lb) load,
and real-time variable recruitment arm angle tracking and cur-
rent recruitment level versus time lifting the (b) 4.54 kg (10 lb)
load, (c) 6.80 kg (15 lb) load, and (d) 9.07 kg (20 lb) load. . . . . . 72
2.16 Experiment and model of efficiency versus load lifted for vari-
able recruitment and a single equivalent muscle. . . . . . . . . . . 76
3.1 The robot arm experimental test rig. . . . . . . . . . . . . . . . . . 83
3.2 Schematic of the whole system including the robot arm, McK-
ibben muscles, hydraulic system, and sensing and control. . . . . 84
3.3 Block diagram for PI-control. . . . . . . . . . . . . . . . . . . . . . 86
3.4 Block diagram for PI-control with model-based feedforward. . . 91
3.5 Block diagram for cascaded PI-P-control with model-based feed-
forward. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
3.6 Volume of oil delivered as a function of robot arm angle for
the six parallel McKibben muscles and the associated model for
identification of the effective initial braid angle. . . . . . . . . . . 93
3.7 (a) Experimentally determined average null flow gain at 17 bar
(250 psi), and (b) null flow gain as a function of pressure and
associated model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
3.8 Sinusoidal angular position tracking for PI-control at (a) 1/4 Hz,
and (b) 1 Hz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
3.9 Sinusoidal angular position tracking for PI-control with a model-
based feedforward term at (a) 1/4 Hz, and (b) 1 Hz. . . . . . . . . 97
3.10 Sinusoidal angular position tracking for cascaded PI-P-control
with a model-based feedforward term at (a) 1/4 Hz, and (b) 1 Hz. 98
3.11 (a) Bode plot, and (b) RMS error plot of all controllers tested
tracking a 10 degree peak-to-peak amplitude reference. . . . . . . 99
3.12 (a) Step response of all controllers tested (from top to bottom: PI,
PI with feedforward, and cascaded PI-P with feedforward), and
(b) associated control inputs. . . . . . . . . . . . . . . . . . . . . . 101
3.13 (a) The ratio of actuator pressure to supply pressure, and (b) the
commanded valve voltages of all controllers tested at 1 Hz. . . . 103
xi
LIST OF ABBREVIATIONS
Abbreviation Definition
EHSV = Electrohydraulic servovalve
FAM = Fluidic artificial muscle
FF = Feedforward
HAM = Hydraulic artificial muscle
LDPE = Low-density polyethylene
MU = Motor unit
PAM = Pneumatic artificial muscle
PI = Proportional-integral control
PI-P = Cascaded proportional-integral, proportional-control
RL = Recruitment level
xii
LIST OF SYMBOLS
Symbol Definition
a; b = Geometric constants of McKibben muscle initial mesh state
cv = Valve orifice coefficient
E = Fluid energy input to McKibben muscle (before or after valve)
E f f = McKibben model effectiveness term (function of pressure)
F = Tension produced by McKibben muscle
i = Current recruitment level of muscle bundle
Kq0 = Flow gain of servovalve
l = Length of McKibben muscle
n = Total number of recruitment levels in muscle bundle
P = Pressure (inside McKibben muscle or elsewhere in system)
Q = Volumetric flowrate
R = Distance between attachment point of actuators and joint
r = Radius of McKibben muscle
t; t0; t f = Instantaneous, initial, and final time respectively
uv = Commanded valve voltage
V = Volume of McKibben muscle
∆V = Volume of fluid delivered to McKibben muscle
Wmech,out = Mechanical work output of McKibben muscle
x = Stroke of McKibben muscle
α = Braid angle of McKibben muscle mesh w.r.t. longitudinal axis
ε = Strain of McKibben muscle
∆ε = Change in strain of McKibben muscle
η = Efficiency
θ = Robot arm angle w.r.t. horizontal
θ˙ = Robot arm angular velocity
κ; κF; κε = Tondu, force, and strain model tuning parameters respectively
xiii
Subscripts:
Symbol Definition
(·), avg, tot = Average total
(·), lin = Linearized
(·),max, i = Maximum of a specific recruitment level
(·),min, i = Minimum of a specific recruitment level
0 = Initial geometry of McKibben muscle (at longest length)
A = State of McKibben: unpressurized, longest length
atm = Atmospheric
B = State of McKibben: blocking force
C = State of McKibben: free strain
d = Desired
FAM = Transduction of FAM
FAM,mod = Modified model
f luid, in = Fluid energy input downstream of valve
f luid, in, S = Fluid energy input upstream of valve (from pump)
m = McKibben muscles
max = Maximum
meas = Measured value
meas,max = Maximum measured value
mod = Modified model
op = Operating
P = Pressurized fluid required to remove slack from mesh
PI;PI,FF;PI-P,FF = See list of abbreviations
pneu = Compressed state of air
pneu, i = Initial expanded state of air
real = Real measured output
re f = Reference
RL = Recruitment level
RL, i = Current recruitment level
S = Supply (pump)
T = Tank (return reservoir)
theor = Theoretical (ideal model)
v = Valve
xiv
INTRODUCTION
This dissertation presents research on increasing the efficiency of McKibben
artificial muscle actuators, as well as an approach to hydraulically controlling
them. This is of interest because the energetics of these actuators has rarely
been considered, even though their ability to efficiently produce motion signif-
icantly impacts the endurance of the untethered robots in which they are often
utilized. Chapter 1 experimentally quantifies the transduction efficiency of tra-
ditional pneumatic McKibben muscles as well as our developed hydraulic, in-
elastic bladder artificial muscles. Chapter 2 further improves the actuation effi-
ciency of hydraulic McKibben muscles by reducing servovalve throttling losses
through the implementation of parallel McKibben muscles with a real-time vari-
able recruitment methodology. Chapter 3 betters the angular position controller
tracking abilities through the anticipative action of a developed feedforward
term and a nested pressure feedback loop.
Despite extensive modeling and characterization efforts, little is known
about the energetics of McKibben muscle actuators. Chapter 1, published in the
Journal of Intelligent Material Systems and Structures, experimentally investigates
the effectiveness of traditional McKibben muscles at converting fluid energy
delivered to the actuator to mechanical output work over full actuation cycles.
Once these efficiency metrics are established, a comparison of the efficiencies
of traditional pneumatic fluidic artificial muscles (FAMs) and hydraulic FAMs
is presented. Two new hydraulic oil compatible bladder materials are tested –
an elastomeric Viton bladder, and an inelastic low-density polyethylene (LDPE)
bladder. The performance of these muscle variants is compared by measuring
blocked force and free contraction as a function of pressure, hysteresis, and en-
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ergy efficiency. The measurement of fluid volume delivered to the FAMs over
their actuation ranges is shown to be useful for evaluating the accuracy of ex-
isting cylindrical volume models. Models of the energy conversion efficiency
are developed and compared to the experimental data. The results show that
using an inelastic bladder significantly improves the efficiency, force capacity,
and contraction range of McKibben muscles, however, it also increases the ac-
tuator’s hysteretic behavior. Powering the muscles hydraulically and operating
at higher pressures improves the efficiency as well.
Hydraulic control systems have become increasingly popular as the means
of actuation for human-scale legged robots and assistive devices. One of the
biggest limitations to these systems is their run time untethered from a power
source. One way to increase endurance is by improving actuation efficiency.
Chapter 2, published in Bioinspiration and Biomimetics, investigates reducing ser-
vovalve throttling losses by using a selective recruitment artificial muscle bun-
dle comprised of three motor units. Each motor unit is made up of a pair of
hydraulic McKibben muscles connected to one servovalve. The pressure and re-
cruitment state of the artificial muscle bundle can be adjusted to match the load
in an efficient manner, much like the firing rate and total number of recruited
motor units is adjusted in skeletal muscle. A volume-based effective initial braid
angle is used in the model of each recruitment level. This semi-empirical model
is utilized to predict the efficiency gains of the proposed variable recruitment
actuation scheme versus a throttling-only approach. A real-time orderly recruit-
ment controller with pressure-based thresholds is developed. This controller is
used to experimentally validate the model-predicted efficiency gains of recruit-
ment on a robot arm. The results show that utilizing variable recruitment allows
for much higher efficiencies over a broader operating envelope.
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McKibben artificial muscle actuators are predominantly controlled pneu-
matically. Recently, hydraulic operation has gained interest due to its higher
rigidity and efficiency. While there has been extensive control system develop-
ment for pneumatic artificial muscles, little has been conducted hydraulically.
Chapter 3, in review for publication in Sensors and Actuators A: Physical, inves-
tigates three different controllers developed for a loaded robotic arm actuated
with hydraulic McKibben muscles. The goal was to achieve good angular posi-
tion tracking over a range of frequencies up to 1 Hz. The first scheme, serving as
the baseline, is a proportional-integral controller. The second architecture adds
a model-based feedforward term including the expected flowrate demands and
valve flow gain to the baseline. The last scheme adds an inner pressure feedback
loop to the second architecture. All controllers were evaluated with frequency
and step response experiments. The results show that a simple proportional-
integral controller has significant phase lag and severe attenuation at the higher
frequencies tested; adding the feedforward term almost completely eliminates
these. The cascaded loop helps improve rise and settling times.
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CHAPTER 1
RECONSIDERING THE MCKIBBEN MUSCLE: ENERGETICS,
OPERATING FLUID, AND BLADDER MATERIAL
1.1 Introduction
McKibben muscles are an attractive choice of actuation for a number of reasons.
Some of these include their light weight, high force capability, low static friction,
and compliance. In addition, precise alignment is not a requirement like it is for
a fluidic cylinder [78]. Their light weight is due to their construction, which typ-
ically contains a helically braided sheath that encapsulates an inner elastomeric
bladder. These active parts are energized via a fluid port that is fixed on one end
of the actuator. The other end of the actuator is usually a fluid plug, and both
ends require the ability to attach mechanically to other structures, like tendons
attach muscles to bones. These components are typically held together by tube
clamps and barbed hose fittings. Some groups have employed adhesives like
epoxy [91] and custom swaging processes [90] to fortify the fitting tensile and
sealing properties. These actuators have been proposed for many different ap-
plications ranging from humanoid robots [79, 85] to aerospace systems [57, 91].
For actuation of mobile applications such as these, efficiency is an important
concern. However, there is almost no information on the energetic efficiencies
of these actuators. Hence, this chapter begins by experimentally characterizing
how effective a McKibben muscle is at converting the input fluid energy deliv-
ered to mechanical output work. To more fully characterize this transduction
efficiency, these tests are performed over a range of operating pressures, and
observed over the stroke of the actuators as well.
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Nearly all fluidic artificial muscles (FAMs) are operated pneumatically, with
only a small number of other research groups actuating them hydraulically
[27, 51, 73, 77]. Pneumatic actuation offers the convenience of venting exhaust
air directly to the atmosphere, and maximizes the soft compliance of the mus-
cles which is valuable when human-robot interaction is involved [81]. Using
compressed air as the fluid medium has disadvantages as well; valve-controlled
pneumatic systems are rarely over 30% efficient [9], and have slower response
time and reduced positional control authority when compared to hydraulics
[27]. Maximum efficiencies for valve-controlled hydraulic systems have been
cited as approximately 60% [9]. These higher efficiencies, quicker response, and
better position control are due to hydraulic fluid’s much higher bulk modu-
lus. For these reasons, the energetics of hydraulic artificial muscles (HAMs)
are studied and compared to the traditional pneumatic actuation of McKibben
muscles.
Before hydraulic artificial muscles can be realized, the muscle construction
must be revised. The natural rubber that is used in traditional McKibben con-
struction deteriorates when exposed to hydraulic oil, so a brief study on two
different hydraulic fluid compatible bladder materials has been conducted. The
first hydraulic fluid compatible material tested was Viton, a fluoroelastomer
known for its durability and chemical resistance in harsh environments [23].
The second synthetic hydraulic oil compatible material tested was low density
polyethylene (LDPE). This bladder is unique in that it is inelastic. One study has
reported using rubber-less artificial muscles, and it utilized an aluminum vapor
deposition polyester sheet for the bladder [64]. The efficiency metrics defined in
this chapter, in addition to the blocked force, free strain, and hysteresis are used
to compare the effectiveness of each bladder material.
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It is also desirable to model the characteristics of the actuators to predict the
force output and efficiencies beyond the ranges tested. To ensure an accurate
model, the volume of fluid delivered to the muscles was measured. Without
this information, it is difficult to assess the validity of the constant cylindrical
shape many assume in their models [15, 80], and whether including conically
shaped or circular-arced end segments is necessary [31, 37, 81]. After this is
discussed, a semi-empirical model is developed, and this is used to ultimately
model the efficiency of the actuators. This is compared to the experimental data.
1.2 Energetics of McKibben Muscles
It is important to consider the transduction efficiency of actuators, and how to
implement them as effectively as possible. While this is the case, few have con-
sidered this idea of energy conversion and efficiency regarding artificial mus-
cles. Chou and Hannaford investigate the efficiency of a rubber bladder PAM
in a quasi-stationary, constant pressure, maximal shortening theoretical experi-
ment, where their simulation at 5 bar resulted in an efficiency of 29% [15]. Ex-
perimental data on this energy conversion for fluidic artificial muscles was con-
ducted at a single operating pressure of 3.4 bar for hydraulic and pneumatic op-
eration by Meller, Bryant, and Garcia [46]. The resulting efficiencies were 19.1%
for pneumatic operation, and 53.3% for hydraulic operation. In this chapter, we
conduct these experiments over a range of pressures and over the stroke of the
actuator. These methods were also developed as metrics for comparing different
bladder materials.
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1.2.1 Experimental Procedure and Test Apparatus
In order to obtain the efficiencies of the actuators, the net mechanical output
work and net fluid input energy are monitored. To do this, the tension pro-
duced over the full stroke of the actuator is observed, as is the pressure and
volume of fluid delivered to the muscle. The experimental apparatus used to
conduct these efficiency tests consisted of mechanical and fluidic sections. An
Instron 5566 tensile testing machine was utilized for producing the mechanical
motion and measuring the position and force output of the actuators. A com-
pressor, pressure regulator, valve, and accumulator comprised the fluid circuit
that produced and controlled the fluid power for the actuator. Fluid energy
measurements were performed using a pressure transducer and a pressurizable
graduated cylinder for measuring volume. A picture of the Instron machine
with a muscle attached is presented in Figure 1.1 (a), and all of the components
that make up the test apparatus are diagrammed in Figure 1.1 (b). It is noted
that all the efficiency experiments were run hydraulically to track the movement
of this water-air interface. Water filled the entire actuator being tested, and the
air-water interface remained within the volume of the graduated cylinder. It is
assumed that the water compression is negligible due to its high bulk modulus,
which is reasonable since it only compresses 0.18% of the total volume when
operated at the highest test pressure. Therefore, the measured volume changes
are assumed to be purely a result of the muscle’s geometry, and the efficiency
values reported below are solely the muscle’s energy conversion abilities.
The experimental procedure for the quasi-static efficiency characterization
begins by fixing the unpressurized actuator at its maximum length in the Instron
machine. This corresponds to point A in Figure 1.2. Then, the pressure is slowly
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(a) (b)
Figure 1.1: (a) Picture of a FAM mounted in the Instron 5566, and (b) a
diagram of the full experimental apparatus used for testing.
increased to the full operating pressure for the test. The force generated when
full pressure is reached represents the blocked force condition of the actuator,
and is seen as point B in Figure 1.2. The operating pressure for the singular case
depicted in Figure 1.2 is 4.1 bar. While maintaining this pressure, an isobaric
contraction of the actuator is allowed by the Instron machine until the muscle
is no longer producing tension. This is known as the free contraction state,
and is labeled as point C in Figure 1.2. It is noted that the volume the muscle
swells from points A to B in Figure 1.2 (b), and this volume change is not taken
into account in current volume models of these actuators, which is discussed
more in depth in later sections. The additional fluid volume that is delivered
at constant pressure as the muscle shortens from point B to C is a result of the
muscle bulging radially due to the pantograph geometry of the mesh.
Curve B to C in Figure 1.2 (a) is the contraction portion of the hysteretic
tension-strain plots that are commonly reported in the literature for these actu-
ators. The mechanical output work is calculated from the data in Figure 1.2 (a)
as:
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Figure 1.2: (a) Tension-stroke plot that yields mechanical output work;
and (b) pressure-volume plot that yields fluid input energy for
a traditional latex bladder FAM operating at 4.1 bar.
Wmech,out =
∫ xC
xB
F(P, x)dx = l0
∫ εC
εB
F(P, ε)dε, (1.1)
where F is the tension produced by the muscle, P is the operating pressure, l0
is the muscle’s initial length, l is the current length of the muscle, ε is the strain
of the muscle, x is the stroke of the muscle: x = l0 − l = l0ε, and the subscripts B
and C correspond to the labeled points in Figure 1.2 (a).
Figure 1.2 (b) is a plot of the pressure and volume of fluid provided to the
muscle over this same actuation cycle. Integrating beneath this curve yields the
fluid energy delivered to the muscle throughout the cycle:
E f luid,in =
∫ VB
VA
PdV + Pmax
∫ VC
VB
dV, (1.2)
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where P is the pressure, V is the volume of fluid delivered to the muscle, and the
subscript max denotes the operating pressure of the isobaric contraction from B
toC in Figure 1.2. The efficiency of the energy conversion is defined in Equation
(1.3) as the ratio of the mechanical output work defined in Equation (1.1) to the
fluid input energy presented in Equation (1.2):
ηFAM =
Wmech,out
E f luid,in
. (1.3)
This procedure is repeated to determine the energetic efficiency of the actuators
for various conditions in the following sections.
1.2.2 Experimental Characterization of Efficiency
Using the method described above, the efficiency of a 17.3 cm long muscle with
a latex bladder and Kevlar sheath was measured over a range of pressures from
approximately 1-5 bar (15-75 psi) in 1 bar (15 psi) increments. The Kevlar mesh
has an expansion range of 1.27- 2.22 cm, and the latex bladder used was 0.953
cm in inner diameter (ID) and 1.27 cm in outer diameter (OD), with a hardness
of 35 shore A. The plots in Figure 1.3 (a) to (c) display the results as a func-
tion of pressure. Figure 1.3 (a) plots the mechanical output work of the muscle,
and behind each data point exists an entire tension-stroke plot at that operating
pressure, as seen in Figure 1.2 (a). As expected, the mechanical output work in-
creases with increasing pressure. There appears to be nonlinear effects that are
amplified at lower pressures which are likely due to the elastic energy storage
in the bladder of the FAM; at lower pressures, the bladder hasn’t fully inflated
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yet. Figure 1.3 (b) displays the fluid input energy for the muscle with increasing
pressure. It grows almost linearly as a function of pressure over the full pressure
range tested. Each data point in this graph was generated from the integral of a
pressure-volume curve at each pressure as was presented in Figure 1.2 (b). The
trend seen for the efficiency as a function of pressure in Figure 1.3 (c) shows that
efficiency initially increases with pressure, and then begins to plateau. This is
consistent with our expectations since the fluid energy input increases linearly
with pressure, but the mechanical work output lags initially at lower pressures
before reaching its linearly increasing range, presumably due to the energy re-
quired to expand the elastomeric bladder into its active range.
It was also desired to determine if there was an optimal stroke range for the
muscle in terms of most efficient conversion of fluid energy to mechanical work.
This was the inspiration for Figure 1.3 (d) to (h) plotted as a function of stroke.
The three most spread pressure ranges were chosen to display in the graphs.
Figure 1.3 (d) is the contraction portion of the hysteretic tension-stroke plot, and
it shows typical behavior of FAMs, with the force being a nonlinear function
of both pressure and contraction state. Figure 1.3 (e) graphs the volume as a
function of stroke. Some interesting things to note are that while the total fluid
volume delivered does depend on pressure, the curve it follows as a function
of contraction does not change; for higher pressures, it just travels further along
this volume-contraction trend because the free stroke of the actuator increases
with pressure. This will be discussed further in a later section. Figure 1.3 (f)
to (h) plots the mechanical output work, fluid input energy, and efficiency as
a function of contraction respectively. The efficiency of the actuator begins at
zero due to the small amount of fluid energy required to bring the actuator up
to operating pressure while zero mechanical output work is performed. This
11
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Figure 1.3: (a) Mechanical output work, (b) fluid input energy, (c) and effi-
ciency of the latex muscle all as a function of pressure. (d) Ten-
sion, (e) volume, (f) mechanical output work, (g) fluid input
energy, (h) and efficiency of the latex muscle all as a function of
contraction.
was observed previously in Figure 1.2 when going from point A to point B.
The highest efficiency values occur in the smaller stroke, higher force ranges as
observed in Figure 1.3 (h). This is likely due to a few phenomena; the amount
of work required to overcome friction increases approximately proportionally to
the stroke, and more energy is required to expand the elastomeric bladder as the
muscle approaches the free contraction state where the largest radial expansion
12
occurs.
1.3 Operating Fluid Effects on Efficiency
1.3.1 Procedure
As stated previously, all of the efficiency measurements were conducted hy-
draulically only. The results of these tests are assumed to represent the exact
amount of energy conversion the muscle performs because the water is assumed
to be incompressible. To determine the total volume necessary for the pneu-
matic case, the amount the air needs to be compressed to bring the system to
full pressure is added to the changing volume of the actuator. We assume be-
cause we are considering quasi-static cases, the compression of the gas is slow
enough to allow the system to maintain constant temperature. This allows us to
employ Boyle’s law for the isothermal compression process of an ideal gas:
P ∝ 1
V
. (1.4)
Using Equation (1.4) we can define the initial volume of air to be the same
experimentally determined volume at the free stroke of the muscle at maximum
pressure after it is expanded to atmospheric pressure:
Vpneu,i =
(
Pmax
Patm
+ 1
)
VC, (1.5)
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where Pmax is the max operating gauge pressure for the case being considered,
Patm is atmospheric pressure, and VC is the free stroke muscle volume for the
hydraulic case for the operating pressure at hand. This initial volume of air
corresponds to the minimum quantity of air that is required to bring the muscle
to its fully contracted state at full operating pressure. The current volume of this
quantity of air is defined as:
Vpneu =
(
Pmax + Patm
P + Patm
)
VC, (1.6)
where P is the current pressure. Using Equations (1.5) and (1.6), the pneumatic
volume delivered to the muscle can be formulated:
∆Vpneu = Vpneu,i − Vpneu + VC. (1.7)
1.3.2 Results
Figure 1.4 (a) is identical to Figure 1.2 (a) since the same mechanical output
work is being performed and compared for hydraulic and pneumatic operation.
Figure 1.4 (b) shows the same hydraulic input energy as before as well, but also
includes the amount of pneumatic input energy required to produce the same
mechanical output at the same operating pressure of 4.1 bar. It is clear that
integration of the pneumatic pressure-volume curve yields a much larger input
energy than the hydraulic case.
Figure 1.5 (a) to (c) shows the mechanical work out, fluid energy input, and
14
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Figure 1.4: (a) Tension-stroke plot that yields mechanical output work,
and (b) pressure-volume plot that yields fluid input energy
for a traditional FAM operating at 4.1 bar, comparing both hy-
draulic and pneumatic operation.
efficiency as a function of pressure respectively, and compares the efficiency of
hydraulic vs. pneumatic operation. It is clear that to produce the same mechan-
ical output work, much more fluid energy is required for the pneumatic case
due to the compressibility of the working fluid. This compressibility causes hy-
draulic operation at 5.2 bar to be over twice as efficient. While the hydraulic
efficiency increases with pressure, the pneumatic case first drops, then begins to
rise again, which is likely due to the nonlinear elastic energy storage effects that
are more prevalent at lower pressures.
Figure 1.5 (d) to (f) displays the mechanical work out, fluid energy input,
and efficiency all as a function of contraction respectively, for hydraulic and
pneumatic operation of the same latex bladder muscle at 4.1 bar. The pneu-
matic energy delivered is offset from the hydraulic energy input by the amount
15
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Figure 1.5: (a) Mechanical output work, (b) fluid input energy, (c) and effi-
ciency of the latex muscle all as a function of pressure for pneu-
matic and hydraulic operation. (d) Mechanical output work,
(e) fluid input energy, and (f) efficiency of the latex muscle all
as a function of contraction at 4.1 bar for pneumatic and hy-
draulic operation.
of additional work required for compressing the working fluid, which can be
observed in Figure 1.5 (e). This results in the highest efficiencies for the hy-
draulic case close to the blocked force condition, and the highest efficiencies
for the pneumatic case near free contraction state due to the large amount of
fluid energy required to bring the system to pressure before mechanical work is
performed during the isobaric contraction.
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1.4 Bladder Material
1.4.1 Construction
The motivation for investigating different bladder materials for the FAMs origi-
nated from the fact that natural rubbers, such as latex, which are most frequently
used in PAMs [36] deteriorate when exposed to common hydraulic fluids. The
first hydraulic fluid compatible material tested was the fluoroelastomer Viton.
It was also desired to test a hydraulic fluid compatible inelastic bladder to deter-
mine if the efficiency could be further improved by avoiding elastic energy stor-
age. Hence, the second synthetic hydraulic fluid compatible material tested was
a low density polyethylene (LDPE) bag. One group reported using rubber-less
artificial muscles, and they utilized an aluminum vapor deposition polyester
sheet for the muscle bladder [64]. Additionally, this group did not attach one
end of the bladder to the other side of the muscle, and ran them to a maximum
pressure of only 1 bar. The muscles presented in this chapter need to be flu-
idically attached through both end-fittings to allow for air-bleeding when run
hydraulically, and for our applications, higher efficiencies are desired therefore
much higher pressures are utilized.
To compare the performance of each proposed bladder, all muscles were con-
structed using the same Kevlar mesh and crimp-on fittings to bind the compo-
nents together and allow fluid flow. The Kevlar braided mesh utilized has a
diameter expansion range from 1.27 cm to 2.22 cm. The end-fittings have 0.953
cm national pipe thread, and are intended for hydraulic hose with a 0.953 cm ID
and 1.91 cm OD. A latex bladder muscle is used as the baseline, and the size of
latex tubing used was 0.953 cm ID and 1.27 cm OD. For consistency, the Viton
17
bladder used was of the same dimensions. The latex bladder has a hardness
of Shore 35A, while the Viton bladder has a hardness of Shore 60A [84]. The
LDPE bag has a 0.051 mm (2 mil) thickness and a cylindrical diameter of 3.23
cm. It was desired to have this diameter larger than the maximum expansion of
the Kevlar mesh, ensuring that the mesh, and not the LDPE bladder, bears the
radial pressure forces. Since the hydraulic hose fittings are intended for larger,
more rigid hosing, Buna-N spacers were included inside the fittings to guaran-
tee that all components were bound together robustly and sealed properly. The
lengths of the muscles are between 14.6 cm and 17.3 cm. The fact that they are
not identical is not an issue for comparison, since the force produced is not de-
pendent on muscle length, and the contraction is normalized to strain [31, 37].
Figure 1.6 (a) contains a picture of the shared components between the muscles,
and the LDPE bladder as an example. For the LDPE bladder muscle construc-
tion, the mesh and bladder are first passed through the spacer and folded back
around the spacer before insertion and swaging in the crimp-on end-fitting. A
diagram of this construction method is presented in Figure 1.6 (b). To compare
the effectiveness of each bladder material, the blocked force and free contraction
as a function of pressure, hysteresis, and energy efficiencies are all measured.
1.4.2 Results
A series of pictures of all three muscle bladder variations is presented in Fig-
ure 1.7. To exhibit how much more the LDPE bladder contracts for the same
operating pressure than the elastomeric bladder variants, Figure 1.7 (a) to (c)
show the muscles at 0 bar, 0.69 bar, and 3.4 bar. It is clear that the LDPE blad-
der is extremely active at lower pressures, and higher pressure are required to
18
(a) (b)
Figure 1.6: (a) Picture of the components that make up the LDPE bladder
muscle, (b) diagram of the construction method of the LDPE
bladder muscle.
attain more similar strain values in the elastomeric bladder muscles. Addition-
ally, since the LDPE muscle is slightly shorter than the other bladders and still
contracts a larger distance, the strain values are actually more impressive than
is evident in Figure 1.7. This fact is clarified in Figure 1.8, where the free con-
traction ratio of each bladder style is plotted as a function of pressure.
To determine how the bladder material choices affected the muscle’s perfor-
mance, the first set of tests performed were free contraction and blocked force
experiments as a function of pressure. The results of these tests are presented
in Figure 1.8. It is clear in Figure 1.8 (a) that as pressure is increased, the LDPE
bladder muscle becomes active almost immediately, while the elastomeric blad-
der variants lag behind in their free contraction until higher pressures due to the
elastic energy storage in their bladders. For comparison, assume that a free con-
traction level of 20% strain is desired. To obtain this with the traditional latex
McKibben muscle, 2.9 bar is required, for the Viton bladder muscle, 5.3 bar is
necessary, and the LDPE inelastic bladder muscle only requires 0.2 bar. In sum-
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(a) (b) (c)
Figure 1.7: The bladder material of the muscles in each subfigure from left
to right is LDPE, Viton, and latex. (a) All muscles at 0 bar; (b)
all muscles at 0.69 bar with a very active LDPE bladder mus-
cle and relatively inactive elastomeric bladder muscles; (c) all
muscles at 3.4 bar.
mary, the bag muscle achieves the 20% strain mark at 92.9% less pressure than
the latex McKibben, and the Viton muscle requires 81.2% more pressure than
the latex muscle to attain the 20% contraction level. The blocked force results in
Figure 1.8 (b) are similar to the free contraction results but not as exaggerated.
The polyethylene inelastic bag bladder has a blocked force that is on average
28% larger than the latex bladder, and the Viton elastomeric bladder muscle
has a blocked force that is on average 13% less than the latex bladder mus-
cle. There were slight initial braid angle differences (2 degrees at the largest) in
the manufacturing and testing of the different bladder muscles; using the ideal
Tondu model in Equation (1.14), it predicts the LDPE bladder muscle to have an
11% larger blocked force than the latex muscle, and the Viton muscle to have a
blocked force that is 7.4% less than the latex muscle. While a portion of these re-
20
sults are due to braid angle differences, these results still clearly demonstrate the
inelastic bladder is able to exploit more of the Kevlar mesh’s expansion range
because no energy is being stored in the bladder. This causes higher contraction
and force ranges, and makes it more useable at low pressures where traditional
latex muscles would still be inactive due to the operating pressure being lower
than its threshold pressure of activation.
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Figure 1.8: (a) FAM free contraction data, and (b) blocked force data of the
three bladder variants as a function of pressure.
It was also desired to determine how the bladder material selection affected
the efficiency of the energy transduction as a function of pressure and contrac-
tion as presented earlier, and the results are displayed in Figure 1.9. To account
for the minor differences in length of the different bladder muscles, the mechan-
ical work output and fluid energy input are normalized by the nominal length of
each muscle in Figure 1.9 (a), (b), (d), and (e). The mechanical work capacity of
the LDPE bladder muscle exceeds that of the latex and Viton significantly. The
fluid energy input is also higher for the LDPE bladder muscle; this is because
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the extremely thin walls of the bladder allow more fluid volume to enter to the
muscle. This additional fluid energy compared to the elastomeric bladders does
not adversely affect the efficiencies, however since the mechanical output work
also higher, and this is evident in Figure 1.9 (c). All of the muscle’s efficiencies
benefit from an increase in operating pressure. Figure 1.9 (d) to (f) all plot the
mechanical output work, fluid input energy, and transduction efficiency all as a
function of contraction at 4.1 bar respectively. Upon first glance, it is clear that
the Viton bladder muscle has a limited range compared to the latex muscle, and
the LDPE bladder contracts much further than the latex muscle. Additionally,
the elastomeric bladder muscle’s efficiencies peak towards the beginning of the
stroke, while the inelastic LDPE bladder muscle’s efficiency is largest near the
middle of its active range, and doesn’t diminish as significantly as the other
muscles at larger contractions. This evidence supports our assumption that the
decrease in efficiency is due to both the elastomeric bladder expanding out-
wards near the end of the contraction as well as the friction in the weave, since
the losses are less in the inelastic bladder muscle but are still existent towards
the end of its stroke.
The effect of the bladder on the amount of friction in the actuator is of in-
terest as well. In order to experimentally quantify this, tension-strain tests were
performed in the Instron machine for various pressure activation levels in both
contraction and extension. This motion history yields differences in force out-
put for a given position and pressure activation level. This hysteretic behavior is
most commonly said to be a result of the strand-on-strand friction in the braided
mesh because there should be no slippage between the mesh and inner elas-
tomeric tube [78]. Other groups mention that it is a combination of the strand-
on-strand friction in addition to the friction between inner tube and mesh [86].
22
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Figure 1.9: (a) Mechanical work output; (b) fluid energy input; and (c) ef-
ficiency of all 3 FAM bladder variants as a function of pressure.
(d) Mechanical work output; (e) fluid energy input; and (f) effi-
ciency of all 3 FAM bladder variants as a function of contraction
at 4.1 bar.
The hysteresis loops in Figure 1.10 occur in a counterclockwise fashion, with
the muscle shortening on the lower portion and the muscle lengthening on the
upper curve. It is clear from observing Figure 1.10 that the latex muscle expe-
riences the lowest amount of hysteresis, and therefore has the lowest amount
of friction. The Viton bladder muscle is next, with the LDPE bladder muscle
having the largest hysteresis loops and friction. This increased friction in the
LDPE case is largely due to the fact that in order to function, the bladder inside
has to unfold and fold as it expands and contracts, causing friction purely from
the bladder sliding on itself. Additionally, since the bladder is performing this
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action, it has to slide against the mesh. And lastly, the strand-on-strand friction
mentioned previously still exists as well. To quantify and compare the friction
that occurs in each muscle, a pressure activation level of 5.2 bar chosen, and the
max hysteresis was calculated. The latex bladder muscle’s maximum hysteresis
is 7.0% full-scale output (FSO), the LDPE bladder muscle’s maximum hysteresis
is 11% FSO, and the Viton bladder muscle’s maximum hysteresis is 9.9% FSO.
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Figure 1.10: Tension-contraction plots for various pressures including hys-
teresis for the (a) latex bladder muscle, (b) LDPE bladder mus-
cle, and (c) Viton bladder muscle.
1.5 Modeling
1.5.1 Volume measurement and its applications to modeling
The quasi-static force output of FAMs is often modeled using the principle of
virtual work, where the force output is a function of both the operating pressure
and strain. One of the most common assumptions about the volume of the
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FAMs when modeling them is that they maintain a perfectly cylindrical shape
throughout the full range of actuation, which is simply given in Equation (1.8)
[15]:
V = pir2l. (1.8)
Progression of muscle volume as it contracts is determined from the geom-
etry of the woven Kevlar sheath. Using the pantograph opening principle that
is often used in the modeling of PAMs, the following relationships are inferred
[80]:
l
l0
=
cosα
cosα0
, and
r
r0
=
sinα
sinα0
. (1.9)
Substituting, using trigonometry relations, and rearranging for r as a func-
tion of initial radius, initial braid angle, and initial and current length of the
muscle yields:
r =
r0
sinα0
√
1 −
(
l
l0
)2
cos2 α0. (1.10)
Substituting back into Equation (1.8) with the relation l = l0(1 − ε) gives an
equation for volume where the only variable is strain:
V = pir20l0
[
(1 − ε)
sin2 α0
− (1 − ε)
3
tan2 α0
]
. (1.11)
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The volume of fluid delivered to each muscle, ∆V , is plotted as a function
of strain in Figure 1.11; to obtain this, the initial muscle volume is subtracted
from Equation (1.11), and the initial small volume of fluid associated with the
muscle swelling as it is brought to pressure while fixed at its longest length, VP,
is included as well:
∆V = pir20l0
[
(1 − ε)
sin2 α0
− (1 − ε)
3
tan2 α0
− 1
]
+ VP. (1.12)
It is clear in Figure 1.11 that assuming the muscle takes on a cylindrical shape
throughout its entire contraction range produces an extremely accurate model
of the evolution of the volume of the muscle over its stroke for the muscle tested.
It is also noted that the trend for actuator volume as a function of stroke is inde-
pendent of pressure; for higher pressures, the volume travels further along the
curve because higher strains are attained. The fact that the volume for a specific
contraction ratio is independent of pressure also substantiates that the assump-
tion of inextensible fibers in the mesh is accurate. The initial muscle swelling
volume is minute and very similar for the latex and Viton bladders, but much
larger for the LDPE bladder. This is because in the unpressurized state for the
elastomeric bladder muscles, the braid is in contact with the bladder, but is not
extremely tight. When pressure is applied, this small amount of slack is taken
out. For the LDPE bladder muscle however, there is much more slack in the
braid due to the amorphous nature of the bladder. This is observed as an in-
creased volume of fluid required to take the slack out of the mesh.
The shortest muscle used was the LDPE bladder muscle, and it’s slenderness
ratio was l0/r0 = 23. This cylindrical muscle model worked well for this slen-
derness ratio, and should for slenderness ratios above this. It is expected for a
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Figure 1.11: Volume as a function of contraction ratio for the (a) latex blad-
der muscle, (b) LDPE bladder muscle, and (c) Viton bladder
muscle.
very low slenderness ratio muscle, the end effects near the fittings will domi-
nate, and more complex modeling of the muscle geometry will be required. The
use of such a low aspect ratio muscle would be limited to higher force, shorter
stroke applications. Different braided sheaths with very low initial braid angles
may have more pronounced conical end effects as well.
The muscle shape not remaining perfectly cylindrical near the end-fittings
is often cited as a reason for models over-predicting free contraction [31, 34,
37, 77, 80, 81]. As a result, more complex models have been developed to take
into account the shape at the ends of the muscles by including conical segments
[77, 78, 81], while others model the actuator ends as circular arcs [31, 37]. The
results of these experiments show that modeling the muscles presented in this
chapter as cylinders is quite volumetrically accurate. This will likely vary de-
pending on the mesh material used. Consequently, for our specific Kevlar mesh
muscle construction with slenderness ratios greater than 23, it seems that blad-
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der effects dominate as the reason for the virtual work model errors and the
volumetric end effects are comparatively much less significant. Therefore, ef-
forts to improve the modeling of these Kevlar mesh actuators should be focused
more on other mechanical phenomena. And groups have done this already in
a variety of methods, such as including energy storage effects in the bladder
using a Mooney-Rivlin approach [7, 31, 36, 37, 78].
Since the volume predicted and hence force output of the muscles is ex-
tremely sensitive to the initial radius and initial braid angle, the volume mea-
surement data was used to determine the appropriate initial braid angle for the
model, using an initial radius of 0.635 cm. This was found to be a more accurate
method than trying measure or calculate it otherwise. The initial braid angle
was found to be 28.7 degrees. These values are used in the principle of virtual
work models below.
The force produced by the muscle can be represented as a function of pres-
sure and contraction ratio using the principle of virtual work. This technique
presented by Tondu [80] is utilized, beginning by equating the fluid energy in-
put to the mechanical work output:
F = −PdV
dl
, (1.13)
where F is the force produced by the FAM, P is the operating pressure, V is the
muscle volume, and l is the muscle length.
Taking the partial derivative of Equation (1.11) with respect to strain, and
employing the relationship that l = l0(1 − ε), we arrive at:
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F =
(
pir20
)
P
[
a (1 − ε)2 − b
]
, (1.14)
where a and b are constants associated with the initial mesh geometry: a =
3/ tan2 α0, and b = 1/ sin2 α0.
Since we now know that our model should have the correct initial braid an-
gle and initial radius from the volume model and data, we wanted to determine
if inaccuracies of these values caused the models to deviate from the data in
other work. Therefore the ideal model in Equation (1.14) with the determined
initial braid angle and initial radius from the volume measurement section is
plotted in Figure 1.12 with experimental data.
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Figure 1.12: Experimental data with ideal virtual model and volumetri-
cally determined initial braid angle for (a) latex bladder mus-
cle, (b) LDPE bladder muscle, and (c) Viton bladder muscle.
The ideal force model resulted in reasonably accurate predictions of the
blocked force condition for all the muscles at varying pressures. As stated ear-
lier, the model over-predicts the free contraction condition and this is evident
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for the elastomeric bladders in Figure 1.12 (a) and (c). The experimental results
for the 0.051 mm (2 mil) LDPE bladder are much closer to this ideal thin-walled
cylinder model of the McKibben, with the free strain condition being less de-
pendent on pressure as is predicted in the model. It is observed in Figure 1.12
(b) that the maximum strain is still slightly less than the 34% predicted by the
model.
1.5.2 Using free strain and blocked force data to improve the
virtual work model
In order to get the model to more closely match the experimental data, one could
use more complicated models such as some of the aforementioned methods of
including the elastic energy storage in the elastomeric bladders and friction.
Tondu and Lopez proposed using a tuning parameter, κ, to reduce the modeled
maximum contraction closer to the actual maximum contraction:
F =
(
pir20
)
P
[
a (1 − κε)2 − b
]
. (1.15)
This tuning parameter was presented as being able to be employed as either
a constant or as an exponential function of pressure [80].
Colbrunn et al. uses a correction factor called an ‘effectiveness’ term which
is essentially a ratio of the measured force of the actuator to the modeled force.
It is multiplied with the theoretical force output since the model tends to over-
predict these values. This effectiveness term is a function of pressure. They
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emphasize their development of a simple model that is adequate for control
and dynamic simulations [17].
Freal = E f f (P) · Ftheor, (1.16)
where Freal is the actual force output, E f f (P) is the effectiveness term as a
function of pressure, and Ftheor is the theoretically predicted force output using
Tondu’s model in Equation (1.14). Both of the ‘tuning parameters’ presented
by Tondu and Lopez, and Colbrunn et al appear to be determined ad hoc until
the results match experimental data. We took an approach that blends both of
their methods, but also directly incorporates trends obtained from experimen-
tal data rather than adjusting constants until the model and experiment line up.
This is an expedient method that results in reasonable models, and avoids using
more complex methods such as Mooney-Rivlin that require many constants to
be determined empirically [36]. The proposed modified model is given by:
Fmod = κF
(
pir20
)
P
[
a (1 − κεε)2 − b
]
, (1.17)
where the force tuning parameter is the ratio of the measured blocked force
function to the model predicted maximum force:
κF =
Fmeas,max(P)(
pir20
)
P (a − b)
, (1.18)
and the strain tuning parameter is the ratio of the model predicted maximum
strain to the measured maximum strain trend:
31
κε =
1
εmeas,max(P)
(
1 − 1√
3 cosα0
)
. (1.19)
All other parameter definitions remain the same as the Tondu and Lopez
model in Equation (1.14). It is noted the way the tuning parameters are defined
here, κF will usually be slightly less than one, and κε will typically be slightly
greater than unity.
To employ this technique, the blocked force and free contraction character-
istics were obtained experimentally for the three bladder muscle varieties as
a function of pressure, presented previously in Figure 1.8, and then curve fit-
ting was applied to generate trends unique to each muscle due to their different
bladder materials, which is seen in Figure 1.13. Simple logarithmic or low order
polynomial fits were used.
Plotting the trends for the maximum free strain and blocked force with the
experimental results shows the degree to which these trends match the data in
Figure 1.13.
Using the trends shown in Figure 1.13 in conjunction with Equations (1.17),
(1.18), and (1.19) yields the plots in Figure 1.14. The forces and strains predicted
show significant improvement compared to the standard model. The intercepts
line up due to the free strain and blocked force tuning parameters, however in
between these intercepts, the force is slightly over-predicted. This minor differ-
ence is due to the fact that the tuning parameters only adjust for the free strain
and blocked force, and cannot fully account for the losses associated with the
nonlinearities that arise from elastic energy storage in the bladder and friction
throughout contraction in between these two points. It is important to point
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Figure 1.13: (a) Free contraction trends and (b) blocked force trends plot-
ted with the experimental data for all three muscle variants.
out that the way the free strain and blocked force experiments were performed
gives these values for the contraction case, or rather, the lower portion of the
hysteretic tension-strain curve. This is because only the contraction case is of
interest to us since modeling of the efficiency study conducted only requires
this contraction case. Hence, attempting to model the hysteresis is not part of
our efforts. However, if including this hysteretic behavior is of concern, we
propose using the same method in Equation (1.17), but have separate force and
strain tuning parameters, κF and κε respectively, for the contraction and exten-
sion cases. This of course necessitates additional experiments.
To model the efficiencies of the different muscles, the same efficiency defini-
tion is used from Equation (1.3). This time however, the force that is integrated
in the mechanical work in Equation (1.2) is the modified force equation pro-
posed in Equation (1.17). And for the fluid input energy, instead of integrating
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Figure 1.14: Proposed adjusted virtual work model with data for the (a)
latex bladder muscle, (b) LDPE bladder muscle, and (c) Viton
bladder muscle.
the pressure volume curve as in Equation (1.3), the operating pressure is multi-
plied by the fluid volume delivered, which is a function of strain, as defined in
Equation (1.12) instead. The modeled efficiency is expressed as:
ηFAM,mod =
l0
∫ εmeas,max
0
Fmoddε
P∆V
(
εmeas,max
) . (1.20)
It was desired to assess how well the modeled efficiency matches experi-
mental data both as a function of pressure and strain, and also to use this model
to predict efficiencies at pressures above, below, and in between the 5 discrete
pressures tested experimentally. This model is appropriate over the range 0.34-
6.9 bar because the curve fits of the free contraction and blocked force over these
pressures are included in the model. This model is plotted with the data in Fig-
ure 1.15. As expected it represents the data reasonably well, but could certainly
be improved with more advanced modeling methods. The model predictions
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Figure 1.15: Model and experimental data for (a) mechanical output work,
(b) fluid input energy, and (c) efficiency all as a function of
pressure. Model and experimental data for (d) mechanical
output work, (e) fluid input energy, and (f) efficiency all as
a function of contraction for all the muscles at an operating
pressure of 4.1 bar.
show that the efficiencies are very low at low pressures, due to not fully acti-
vating the muscles, and the efficiencies at higher pressures keep increasing but
begin to plateau. The efficiency of the LDPE muscle begins to level off around
80%, which is comparable to hydraulic cylinders, which typically exhibit effi-
ciencies in the range of 85% - 95%, and the associated losses are primarily from
the piston seal friction [42].
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1.6 Conclusions
This chapter first established a method to experimentally characterize the trans-
duction efficiency of FAMs when converting the fluid input energy to mechani-
cal output work. In order to discover where these actuators perform best, these
net-work efficiency experiments were performed over a range of operating pres-
sures, in addition to studying the effects of the muscle’s contraction state. To
achieve the best efficiencies for a traditional latex bladder FAM, it was deter-
mined that higher operating pressures and actuating in a stroke range closer to
the blocked force was best. The muscle tested achieved over 60% efficiency at
5.2 bar over one full action cycle, and if the stroke range was limited, efficiencies
of over 80% were possible.
Once these efficiency metrics were defined, they were utilized to compare
traditional pneumatic operation of these actuators to running them hydrauli-
cally. We found that maximum efficiencies over the pressure range tested re-
sulted in hydraulic operation being over twice as efficient as the pneumatic case
due to its higher bulk modulus. While the hydraulic case performed more ef-
ficiently near the beginning of contraction, the pneumatic case efficiency im-
proved until about halfway through the stroke and plateaued for the remainder
of the actuation cycle. Since it is desired to utilize McKibben artificial muscles in
hydraulic systems, and latex will deteriorate if used with hydraulic oil, a brief
investigation of two new synthetic hydraulic fluid resistant bladders was con-
ducted. Viton was the first alternative presented, and is elastomeric as well. The
tubing was of the same thickness as the latex, but due to material properties was
stiffer. This resulted in inferior contraction abilities in addition to reduced effi-
ciencies. The second hydraulic fluid compatible bladder alternative presented
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was an inelastic LDPE bag. The LDPE bladder had to fold and unfold within
the mesh as the muscle was activated. This muscle was superior in force out-
put, contraction, and efficiency compared to the other two elastomeric bladder
muscles. The LDPE muscle has a maximum efficiency of almost 80%. It acti-
vates almost immediately, unlike the elastomeric bladder variants that have a
threshold pressure to overcome. Fatigue is a potential concern with this type of
bladder construction due to the frequent sliding of the bladder over itself dur-
ing operation. All of the muscle bladder variants presented were tested on the
order of hundreds of cycles and no fatigue issues were experienced by any of
them however. The only drawback of the LDPE bladder muscle discovered thus
far is its increased hysteresis.
This chapter originally appeared as:
Michael A Meller, Matthew Bryant, and Ephrahim Garcia. Recon-
sidering the McKibben muscle: energetics, operating fluid, and blad-
der material. Journal of Intelligent Material Systems and Structures,
25(18):2276–2293, 2014.
c©SAGE Publications. Reproduced with permission. All rights reserved.
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CHAPTER 2
IMPROVING ACTUATION EFFICIENCY THROUGH VARIABLE
RECRUITMENT HYDRAULIC MCKIBBEN MUSCLES: MODELING,
ORDERLY RECRUITMENT CONTROL, AND EXPERIMENTS
2.1 Introduction
2.1.1 Fluidic artificial muscles and actuation in robotics
Fluidic artificial muscles (FAMs) are an attractive actuator choice among the
robotics community due to their extremely light weight, inherent compliance,
cost effectiveness, and high force capacity [78]. FAMs have been employed on
humanoid walking robots [13, 85, 76, 54], robotic arms [40, 79, 62, 12], and var-
ious lower and upper extremity orthotic devices [82, 25, 56]. Also known as
McKibben muscles (named for their inventor), these actuators are comprised of
a helically braided mesh that surrounds an inner elastomeric bladder. These
parts are fluidically activated through a port on one end of the actuator, while
the other end is plugged. Both ends attach mechanically to other structures,
much like tendons attach skeletal muscle to bones.
The vast majority of FAMs are operated pneumatically, with just a few other
research groups actuating them hydraulically [27, 51, 77, 66, 92]. Pneumatic op-
eration enhances the compliance of the actuators, and also allows venting of
the pneumatic artificial muscles (PAMs) directly to the atmosphere. Using com-
pressed air as the fluid medium has drawbacks as well; valve-controlled pneu-
matic systems are typically less than half as efficient as equivalent hydraulic
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systems due to their significantly lower bulk modulus [9].
Hydraulic control systems have become increasingly popular as the means
of actuation for human-scale legged robots and assistive devices. Some exam-
ples include IIT’s quadruped HyQ [68], Boston Dynamics’ line of quadrupeds
such as BigDog [59], Boston Dynamics’ bipeds Petman [53] and Atlas [1], Sar-
cos’ biped Primus [74], Raytheon Sarcos’ exoskeleton XOS 2 [6], and Lockheed
Martin’s lower extremity exoskeleton HULC [4]. Hydraulic actuation was likely
chosen for these applications due to its high actuator power-to-weight ratio
[47, 32].
One of the most significant limitations of robots like these is their run time
when untethered from a power source. The AMBER Lab at the Georgia Insti-
tute of Technology recently set the record with over 2.5 hours of walking on
one battery charge with their DURUS robot [61]. Several groups have been ex-
ploiting the passive dynamics of their robots to reduce their cost of transport,
including Collins et al. with the Cornell biped [18], Ramezani et al. with their
ATRIAS robot [60], and Cousineau et al. with their DURUS robot [19]. The cost
of transport (COT) is a dimensionless energy efficiency metric often used for
comparing dissimilar vehicles and even animals; it is defined as the ratio of the
input energy to the weight times forward distance traveled [39]. This method-
ology of working with the robot’s dynamics is a proven approach to increase
energetic efficiency, but is only part of the solution. The best reported COT for
a true humanoid robot is 1.6 for DURUS, while the COT for humans is about
0.2 [61]. This difference of an order of magnitude is thought to be largely due to
actuation efficiency [21].
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2.1.2 Hydraulic control system limitations
While hydraulics has grown in popularity in robotics, it also has several dis-
advantages. The precise machining needed in the electrohydraulic servovalves
(EHSVs) and ability to withstand high pressures make these systems costly [47].
There is also the risk of oil spillage, and the requirement of a return line to bring
fluid back to the reservoir. The inherent rigidity of hydraulics is favorable from
a controls and efficiency standpoint, but potentially dangerous when consider-
ing human-robot interaction.
Even though valve-controlled hydraulic systems tend to have overall effi-
ciencies more than double that of pneumatic systems, efficiency is still one of its
largest drawbacks [9, 41]. Typical mobile hydraulic systems have been reported
to have overall efficiencies between 10–20% [41, 24]. Individual component ef-
ficiencies (pumps and cylinders) are on the order of 90%, however. Therefore
the system design and usage is to blame for these low overall efficiencies. This
suggests that with the addition of some hardware and more advanced control
techniques, there is great potential to improve the efficiency of these systems.
Fluid power actuators are sized for peak loading conditions, but usually op-
erate far below these design points. If the end effector needs to produce a force
less than its sized maximum, the pressure applied to the actuator must be re-
duced, resulting in large throttling losses across the servovalves. In typical mo-
bile hydraulic applications, 43% of the input power is lost in this manner [41].
If a system is poorly designed, or there is a large discrepancy between the sized
maximum and normal operating conditions, then even more power can be ex-
pected to be lost.
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2.1.3 Variable recruitment in skeletal muscle
Humans and other animals have far lower COTs than today’s robots, in part at-
tributed to the efficient actuation performed by the central nervous system and
skeletal muscle through a process known as orderly recruitment. The smallest
subunit of a muscle that can be recruited is called a motor unit. This unit is acti-
vated by a separate nerve ending, and commands as few as 3 muscle fibers for
fine control in locations such as our eyes or fingers, and as many as 2000 muscle
fibers for more granular control of the large muscle groups in our legs [88].
The excitation of each motor unit is done in a binary fashion. To increase the
force output, the first active motor unit’s firing rate is increased. Once the ten-
sion is high enough, a recruitment threshold is reached. At this point, another
motor unit is excited at its base activation rate. The first active motor unit’s
maximum firing rate is achieved after the next motor unit is added. This helps
ensure smoother transitions between the different recruitment states. As force
requirements diminish, motor units become inactive in the opposite order in
which they were recruited. This means the first motor units recruited are active
the longest, which is why the smaller slow-twitch units are called upon first.
These tonic units are fatigue resistant due to their high numbers of mitochon-
dria. The phasic units are recruited last, according to Henneman’s size principle,
since these are the larger fast-twitch motor units more prone to fatigue [29].
2.1.4 Variable recruitment FAMs
Recently, for the purpose of increasing the actuation efficiency of FAMs, several
research groups have attempted to emulate the orderly recruitment of skele-
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tal muscle motor units [10, 62]. Bryant et al. proposed using variable recruit-
ment hydraulic artificial muscles (HAMs) to reduce throttling losses in the ser-
vovalves, and the associated efficiency gains were shown with a quasi-static
model. Their developed muscle bundle had one small motor unit and one large
motor unit (both comprised of three McKibben muscles), analogous to tonic and
phasic units in skeletal muscle [10]. Robinson et al. also developed a variable
recruitment muscle bundle, but with six equally sized McKibben muscles. They
powered theirs pneumatically, and suggested that fewer active PAMs would
also reduce energy lost to elastic energy storage in the bladders. They per-
formed simulations, and showed experimentally that fewer active PAMs con-
sumed less fluid energy from their pneumatic pressure source [62]. Both of
these studies showed promise for variable recruitment McKibben muscles (both
hydraulically and pneumatically), however neither showed active selective re-
cruitment, or investigated how to handle recruitment level shifts.
In this chapter, we further investigate variable recruitment hydraulic McK-
ibben muscles with the goal of significantly improving actuation efficiency. We
perform quasi-static force-stroke experiments on the full muscle bundle, and
develop a volume measurement-based method to estimate an effective initial
braid angle for each recruitment level. Using these mesh angles, we then take
a standard virtual work approach with our semi-empirical model; this model
is used to predict the efficiency gains of variable recruitment. Next, we de-
velop the first reported real-time state machine-based variable recruitment FAM
controller. This approach is inspired by automatic transmission gearshift con-
trollers, where recruitment level is analogous to gear ratio; we use pressure
thresholds in our shift schedule as opposed to throttle percent and engine speed
[55, 38]. This state machine determines which gains to use in the classical
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proportional-integral (PI) controller, as well as which servovalves are active. To
quantify the efficiency gains associated with this actuation scheme, a series of
experiments were conducted on our robot arm. With the variable recruitment
controller employed, the fluid power consumed was monitored for several load-
lifting cases, and compared to a single equivalent muscle (SEM) with throttling
control only. The results demonstrated that there is a significant advantage to
variable recruitment, however more research is needed to improve its tracking
abilities.
2.2 Muscle bundle development
2.2.1 Hydraulic McKibben muscle fabrication
The McKibben muscles used in this chapter must be hydraulic oil compatible
and capable of withstanding pressures greater than 1379 kPa (200 psi). The nat-
ural latex rubber that is most often employed as the bladder will break down
when exposed to any type of hydraulic oil, hence silicone was chosen for its
compatibility [2]. The bladder used has an inner diameter of 9.53 mm ( 38 inch),
and an outer diameter of 12.7 mm (12 inch). It has a shore hardness of 35 A
which is consistent with most other latex and silicone bladder McKibben mus-
cles [62, 45, 58]. We chose Kevlar as the braided mesh due to its high strength
fibers and dense weave. This mesh has an expansion range of 12.7 mm (12 inch)
to 22.2 mm ( 78 inch) in diameter, which yields a sufficient range of motion. Each
FAM was constructed to have a 17.78 cm (7 inch) active length, measured be-
tween the end fittings. To bind the mesh and bladder together and allow for
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fluidic connection to our hydraulic system, Eaton Weatherhead 06Z-R06 steel
o-ring boss (ORB) swivel crimp fittings were used. ORB fittings were chosen
over national pipe thread (NPT) since this lends itself better to frequent con-
figuration changes. The swivel functionality of the fittings facilitates the full
bundle assembly by preventing each McKibben muscle from twisting during
installation.
2.2.2 Custom bundling manifold design and assembly
The muscle bundle developed in this chapter consists of six total parallel McK-
ibben actuators. The HAMs can be activated in separate pairs – two, four, or
six at a time. In order to solely produce axial contraction and avoid bending
torques, each pair of McKibben muscles is arranged symmetrically about the
central mechanical attachment point of the bundling manifold. Since it is de-
sired to control each McKibben pair with one EHSV, each pair is fluidically con-
nected in its own layer in the manifold while remaining isolated from the other
pairs. This is shown in the CAD diagram of the manifold in Figure 2.1.
The individual McKibben muscles were then threaded into the custom
bundling manifold end caps, and the completed assembled muscle bundle is
shown in Figure 2.2. Quick-disconnect hydraulic hose fittings were used to al-
low for the connection of each McKibben pair to its EHSV, and brake bleeder
screws were added to assist with bleeding air out of the system. This is impor-
tant because as little as 1% entrained air can result in a decrease in the effective
bulk modulus by 75% [47].
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Figure 2.1: Schematic of the custom bundling end cap manifold that both
mechanically binds all of the HAMs together and fluidically
connects the appropriate pairs.
Custom Bundling
Hex Manifold (×2)
Quick Disconnect Hydraulic
Hose Fitting (×3)
Brake Bleeder
Screw (×3)
Hydraulic McKibben
Muscle (×6)
Figure 2.2: Fully assembled muscle bundle, comprised of three McKibben
pairs.
2.2.3 Motor unit and recruitment level definitions
Mentioned previously, the smallest subunit of skeletal muscle that can be con-
trolled is called a motor unit [88]. For this reason, we refer to each fluidically
45
connected pair of McKibben muscles as a motor unit (MU), since this too is the
smallest subunit that can be controlled in the proposed actuation scheme. Each
hydraulic McKibben muscle serves as a muscle fiber. Since all of the McKibben
muscle fibers were constructed to be nearly identical, each motor unit produces
approximately the same force output with a given pressure. Throughout opera-
tion, the bundle will shift between different recruitment levels (RLs) comprised of
varying numbers of active motor units. The definitions of the motor units and
recruitment levels are visualized in Figure 2.3.
Figure 2.3: Definition and force amplification of motor units and recruit-
ment levels.
2.2.4 Effect of total number of recruitment levels on efficiency
In the development of the variable recruitment muscle bundle, it was desired
to estimate the effect of the total number of recruitment levels on the efficiency
gains. Since throttling in the servovalves is the dominant reason for the ac-
tuation inefficiencies, we only consider throttling when performing this brief
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theoretical study. It is somewhat intuitive that higher numbers of motor units
will result in higher efficiencies, but the trend it follows is not. Skeletal muscle
has a remarkably high number of motor units per muscle bundle – each biceps
brachii is estimated to have 774 motor units that control a total of 580 000 muscle
fibers [35].
In framing this simulation, we must consider how recruitment will be han-
dled in an ideal sense. We first assume that the McKibben muscle bundle is
comprised of equally sized motor units in a parallel arrangement. Each motor
unit is comprised of a pair of McKibben muscles with one servovalve control-
ling them. The bundle starts with one motor unit active (receiving a positive
gauge pressure from its EHSV), while the rest are inactive (their EHSVs are set
to vent to the reservoir).
As the force requirements increase, the pressure in the active motor unit in-
creases. Once the pressure in this motor unit reaches the supply pressure, it
is now saturated and has reached a recruitment threshold. Now one additional
motor unit is recruited, with the first motor unit still active. This is called recruit-
ment level 2, because it has motor units 1 and 2 active. Immediately following
the recruitment level change from RL1 to RL2, the effective average recruitment
level pressure changes from 100% to 50% of supply pressure since one motor
unit is at 100% while the other is at 0%. Once RL2 is saturated, it will recruit a
third motor unit, at which point the recruitment level pressure will drop to 67%
of supply pressure since two motor units will be at 100% while the third will be
at 0%.
We can mathematically state that the minimum and maximum pressures of
each recruitment level are given by
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PRL,min,i =
i − 1
i
PS , and (2.1)
PRL,max,i = PS , (2.2)
respectively, where i is the positive integer representing the current recruitment
level (total number of active motor units) and PS is the supply pressure. The
percent operating efficiency is defined as
ηop =
PRL
PS
× 100, (2.3)
where PRL is the pressure in the active elements of the bundle. We assume there
is no leakage, so the flowrate out of and into the valve is the same; hence the effi-
ciency is simply the ratio of the recruitment level pressure to the supply pressure
[47].
Using Equations (2.1), (2.2), and (2.3), we can now define the minimum and
maximum percent efficiencies of each recruitment level as
ηop,min,i =
i − 1
i
× 100, and (2.4)
ηop,max,i = 100, (2.5)
respectively. To consider an average case, we assume that the load require-
ments are such that the variable recruitment muscle bundle spends equal time
spanning its entire mechanical working range. As a result, it will spend equal
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time in each recruitment level, and equal time between the minimum and max-
imum pressures of each recruitment level. With these assumptions, we can now
estimate the average operating efficiency as a function of the total number of
recruitment levels, given by
ηop,avg,tot =
n∑
i=1
2i − 1
2ni
× 100, (2.6)
where n is the positive integer corresponding to the total number of recruitment
levels of the muscle bundle. Equation (2.6) is plotted in Figure 2.4, and it can be
observed that using solely one recruitment level yields 50% average efficiency;
this is the typical single muscle configuration where only throttling is used to
attain any force level below maximum. It is noted that if standard practices were
used, servovalve operation would only occur below 67% of supply pressure
rather than the 100% we are allowing [47]; this would result in lower efficiencies
but higher control authority. Using 10 recruitment levels gives over 85%, but
44 are needed to get over 95% efficient. This shows that increasing the total
number of recruitment levels causes the theoretical average operating efficiency
to increase monotonically, but with diminishing returns. We could have chosen
any integer greater than one, but we selected three motor units in this proof of
concept muscle bundle simply because it is readily realizable in hardware, and
should theoretically produce a 38.8% increase in efficiency (19.4% difference)
with only the addition of two motor units compared to the traditional case.
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Figure 2.4: Theoretical average operating efficiency versus the total num-
ber of recruitment levels (made up of equally sized motor
units) comprising a full muscle bundle.
2.3 Muscle bundle characterization
Several force-strain characterization experiments were performed to determine
how the full muscle bundle behaves over a variety of operating conditions.
All tests were performed on the linear dynamometer developed in the LIMS
Lab at Cornell University. This setup is similar to a typical materials tensile-
testing machine, but allows for more custom and dynamic configurations. The
force output is measured with an Omega LC204-1K 4448 N (1000 lbf) capacity
high accuracy miniature universal load cell. The position is measured with an
RDP ACT8000C 40.6 cm (16 inch) travel linear variable differential transformer
(LVDT) displacement transducer. An Omega FPD2003 0.114–26.5 l/min (0.03–7
gpm) range positive displacement flowmeter is used to measure the volumet-
ric flowrate delivered to the whole muscle bundle. The pressure of each motor
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unit is monitored with a Measurement Specialties MSP-300-250-P-4-N-3 1725
kPa (250 psi) pressure transducer.
Moog G761 62.5 l/min (16.5 gpm) rated flow four-way electrohydraulic ser-
vovalves were used to control the position of the cylinder and the pressures
of the motor units. The B-ports on the motor unit valves were blocked be-
cause they are single acting actuators. Delta Computer Systems VC2124 two
axis voltage-to-current converters were used to drive the valves. All data col-
lection and control outputs were performed using a Quanser QPIDe board with
a sampling rate of 1 kHz, and using the MATLAB/Simulink/GUIDE environ-
ments with Quanser QUARC real-time control software.
2.3.1 All recruitment levels at 965 kPa (140 psi)
Isobaric force-strain tests at a pressure of 965 kPa (140 psi) were performed
for each recruitment level, and are shown in Figure 2.5. Other pressures were
tested, but for brevity they are omitted since they follow the same trends shown
in other McKibben muscle papers (i.e. linear dependence of blocking-force with
pressure, nonlinear dependence of free-strain on pressure) [78]. The hysteresis
increases with recruitment level, which is expected since there is more friction
occurring with more active muscle fibers. The blocking-force approximately
scales with recruitment level. Lastly, the free-strain remains effectively the same
across all recruitment levels; this is also expected if they are fabricated with
similar lengths and the inactive muscle fibers minimally impede the bundle’s
motion by buckling out of the way. This buckling phenomenon can be seen in
its most extreme case (at the free-strain condition) for all recruitment levels in
51
Figure 2.6.
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Figure 2.5: Force-strain curves of recruitment levels 1, 2, and 3 all at 965
kPa (140 psi).
Figure 2.6: Recruitment levels 1, 2, and 3 (from left to right) all at the free-
strain condition at 965 kPa (140 psi), exhibiting buckling of the
inactive motor units.
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2.3.2 ‘Equivalent’ force output recruitment level pressures
The ideal virtual work model predicts that force output should be directly pro-
portional to applied pressure and the number of active McKibben muscles.
Therefore, to generate the same force output at the same strain level, the pres-
sure required by RL2 should be half that required by RL1, and the pressure
required by RL3 should be one third that required by RL1. This was tested for
two ideal ‘equivalent’ cases seen in Figure 2.7.
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Figure 2.7: Force-strain curves of each recruitment level at pressures pre-
dicted by the ideal model to yield equivalent force output.
Close to the blocking-force, this assumption holds reasonably well, however
the nonlinear strain dependence on pressure causes the large disagreement near
the free-strain condition. This phenomenon is well known [78], but it was de-
sired to determine how significant of an effect it had on recruitment thresholds
in our operating pressure ranges. We also note that most friction models state
that the friction is proportional to the applied pressure as well as contact area
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[80]. In these tests, for each of the two ‘equivalent’ force output cases, the prod-
uct of contact area and pressure remains the same, so the hysteresis loop width
is expected to be unchanged. However it appears that increasing the contact
area by recruiting more motor units has a greater affect on the friction than the
pressure because the hysteresis loops appear widest for the RL3 curves. Clearly,
more in-depth modeling is needed to give a reasonable representation of the
pressures required to produce the same force output across different recruit-
ment levels. This is essential in accurately determining recruitment thresholds
and predicting the efficiency gains of variable recruitment, which motivates the
models developed in the next section.
2.4 Muscle bundle modeling
2.4.1 Volume-based recruitment level effective initial braid an-
gle
It is often assumed that FAMs sustain a cylindrical shape throughout their full
contraction evolution [80, 15]; other groups also account for the slightly conical
ends [82, 77, 31]. Previous work in the LIMS Lab at Cornell University experi-
mentally observed the volume delivered over the full contraction range of the
muscle, and found that the simple cylindrical model almost perfectly matches
the data for the muscles used [45].
Since similarly sized muscles with the same Kevlar braid are utilized in
this chapter, the model implemented also assumes the Kevlar fibers are flexi-
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ble but inextensible, and the HAM maintains a cylindrical shape. The volume-
contraction relationship of the HAM is governed by the mesh’s geometry, and
it is assumed that it follows the standard pantograph opening principle [78].
Employing these assumptions along with trigonometric identities, we obtain an
equation for the volume of the muscle as a function of the current strain and its
initial geometry
V = pir20l0
[
(1 − ε)
sin2(α0)
− (1 − ε)
3
tan2(α0)
]
, (2.7)
where r0 is the initial radius, l0 is the initial resting length, α0 is the initial angle
the mesh fibers make with respect to the longitudinal axis of the muscle, and
the strain is defined as ε = (l0− l)/l0. We can subtract the initial volume from this
to get an expression for the volume delivered to the muscle as it contracts from
its initial condition,
∆V = pir20l0
[
(1 − ε)
sin2(α0)
− (1 − ε)
3
tan2(α0)
− 1
]
. (2.8)
It was desired to determine an effective initial braid angle for each recruit-
ment level from measured volume delivered data as a function of strain. When
determining the effective initial braid angle of each recruitment level, we as-
sume that each active McKibben muscle fiber is operating with that initial braid
angle, and that all muscle fibers have the same initial radius and length. This
is how we account for the slight differences in length of each muscle fiber from
the manufacturing process, and is also representative of how the bundle is op-
erated. This recruitment level volume is given mathematically as
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∆VRLi = 2i · pir20l0
[
(1 − ε)
sin2(α0,RLi)
− (1 − ε)
3
tan2(α0,RLi)
− 1
]
, (2.9)
where i denotes the positive integer value of the current recruitment state, which
for the present study is bounded to i ∈ [1, 2, 3].
The effective initial braid angle for each recruitment level, α0,RLi, was de-
termined by a least squares fit to experimentally measured volume evolution
data (during contraction) as shown in Figure 2.8. The model seems to almost
perfectly fit recruitment levels 1 and 2, and is also a good representation of re-
cruitment level 3 with slight deviation near the free-strain condition. The values
for the determined effective initial braid angles are included in this figure.
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Figure 2.8: Experimental volume delivered versus strain of each recruit-
ment level at 483 kPa (70 psi), and associated model using the
fitted effective initial braid angle for each recruitment level.
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2.4.2 Semi-empirical virtual work model
The force-strain model of the muscle bundle begins with the principle of vir-
tual work, following the procedure given by Tondu [78]. This first assumes full
transmission of the input fluid energy into mechanical output work, which can
be written in terms of the force as
F = −PdV
dl
, (2.10)
where F is the force output, P is the pressure, V is the volume, and l is the
length of the muscle. We then take the partial derivative of the volume model
in Equation (2.7) with respect to strain, take the partial derivative of the length
with respect to strain, employ the chain rule, and substitute back into Equation
(2.10), which yields
F = pir20P
[
a (1 − ε)2 − b
]
, (2.11)
where a and b are geometric constants that are determined from the initial angle
the mesh fibers make with the central axis, and are given by
a =
3
tan2 (α0)
, and b =
1
sin2 (α0)
. (2.12)
Here, we only consider the contraction portion of the hysteresis loops as this
corresponds to when the muscles are performing positive work; this is all that is
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needed when predicting the muscle’s efficiencies. We account for the friction by
simply multiplying the force equation by a force constant. We correct for elastic
energy storage in the bladder by multiplying the strain by a pressure-dependent
parameter as defined by Tondu [80] and used by other groups [34]. Including
these yields the semi-empirical model
F = κFpir20P
[
a (1 − κεε)2 − b
]
, (2.13)
where κF is the force constant, and κε is the pressure-dependent strain tuning
parameter defined as
κF = const., and κε = 1 + aκεe−bκεP, (2.14)
respectively, where aκε and bκε are constants.
Transforming this semi-empirical force model for each recruitment level in
conjunction with the experimentally determined effective initial braid angles
yields
FRLi = 2i · κF,RLipir20PRLi
[
aRLi
(
1 − κε,RLiε)2 − bRLi] . (2.15)
The tuning parameters for adjusting the force and strain were found for each
recruitment level using least squares with the contraction data in Figure 2.7. The
resulting model with its associated data is shown in Figure 2.9. While there is
some deviation near the blocking-force condition, the semi-empirical model fits
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reasonably well over all the recruitment levels and pressures, and is therefore
acceptable for our purposes.
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Figure 2.9: Semi-empirical force-strain model and data for the contraction
portion of Figure 2.7 across all recruitment levels and for (a)
lower and (b) higher pressures.
2.4.3 Analytic investigation of variable recruitment
Using the developed models, we can predict the efficiency gains associated with
the proposed variable recruitment actuation scheme. Two brief case studies
are considered with the bundle in a vertical orientation simply lifting weight
against gravity. The first case investigates the effect of varying the load on effi-
ciency while lifting to the same strain, and is shown in Figure 2.10 (a). The loads
range from 0 to 204 kg (0 to 450 lb), and are lifted from 0 to 5% strain. The second
case examines the effect of varying the strain on efficiency while lifting a 102 kg
(225 lb) load, and is presented in Figure 2.10 (b). The efficiency is computed by
taking the ratio of the mechanical work output to the fluid energy input from
the high pressure rail, given by
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ηtotal =
Wmech,out
E f luid,in,S
× 100. (2.16)
The mechanical work output is calculated by
Wmech,out = Fl0∆ε, (2.17)
where F is the force the muscle bundle is exerting to lift the attached load, l0
is the initial length of the bundle, and ∆ε is the strain over which the muscle
bundle produces the force. The fluid energy used is given by
E f luid,in,S = PS∆VRL,max, (2.18)
where ∆VRL,max is the volume change corresponding to the maximum recruit-
ment level utilized in reaching the target strain (calculated using Equation 2.9),
and PS is the supply pressure. Using these definitions, the efficiency as a func-
tion of load lifted for the variable recruitment bundle is calculated and plotted in
Figure 2.10. In this simulation, it is assumed that the supply pressure is constant
at 827 kPa (120 psi), and the recruitment thresholds occur when the pressure in
the active motor unit(s) reach(es) this pressure. In practice, these thresholds
would occur slightly lower than full supply pressure since this is the stalled
condition.
The solid lines of Figure 2.10 (a) and (b) denote the path of highest efficiency;
following this, the solid blue line corresponds to RL1, and when it’s force out-
put saturates (the muscle pressure reaches pump supply pressure), the bundle
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upshifts to RL2 (denoted by the green solid line). When the force capacity of
RL2 is exceeded, it upshifts to RL3 (indicated by the red solid line). The dotted
lines show the efficiency if the bundle is used in RL2 (green) or RL3 (red) below
the path of highest efficiency. These dotted lines can be accessed if a lower pres-
sure is used as the recruitment threshold, therefore shifting the vertical portions
of this plot to the left; this gives higher potential actuator velocities (due to the
larger pressure drop), but yields lower efficiencies. The single equivalent mus-
cle (SEM) with pure throttling control is included as a baseline of comparison.
The SEM has the same characteristics as using the muscle bundle in its fully
recruited state (i = 3) the entire time.
At low load conditions in Figure 2.10 (a), fewer motor units are needed to
reach the target strain, therefore much less fluid energy is consumed resulting
in higher efficiencies when compared to the SEM. The efficiency of the vari-
able recruitment bundle eventually converges to that of the single equivalent
muscle at the highest load conditions. A similar pattern is seen in Figure 2.10
(b) where higher efficiencies occur in the lower strain regions. These variable
recruitment simulation results show promise for significant energy efficiency
gains, and motivate the experimental implementation and testing of real-time
variable recruitment on a robotic arm presented in the next section.
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Figure 2.10: Semi-empirical model predicted (a) efficiency versus load
lifted while contracting from 0 to 5% strain, and (b) efficiency
versus strain while lifting 80 kg, for variable recruitment and
a single equivalent muscle.
2.5 Variable recruitment robot arm apparatus and controller
implementation
2.5.1 System definition
In order to directly measure the efficiency gains of online variable recruitment,
experiments were conducted on a robot arm test rig, pictured in Figure 2.11.
The hydraulic circuit and relevant sensors are diagrammed in Figure 2.12. The
placement of the load cell and encoder on the arm for mechanical measurements
is seen here. The locations where the fluid system is being monitored are also
shown; the supply power used by the arm is measured with the supply pressure
transducer and the supply flowmeter. The pressure in each motor unit is also
measured and used in the controller which is discussed in depth in Chapter
2.5.3. All sensors and valves used on the robot arm setup are identical to the
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ones employed on the linear dynamometer mentioned earlier in section 3, with
the exception being that a 2500 count per revolution US Digital E6 kit optical
encoder was used to measure the angle of the arm.
Figure 2.11: The variable recruitment robot arm experiment setup.
Figure 2.12: Diagram of the robot arm and hydraulic system (solid lines
denote hydraulic transmission lines, dashed lines denote elec-
trical signals).
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2.5.2 Single equivalent muscle control
The single equivalent muscle was implemented by fluidically connecting all six
of the McKibben muscles in the bundle to a single EHSV such that solely valve
throttling was used for control. This way, the six HAMs would always remain
active, which is equivalent to operating in RL3 at all times. The only difference
is that one EHSV is used instead of three; valve flow rate limits did not hinder
these tests as they were performed far below the rated maximum.
Closed loop angular position control was attained by using a simple
proportional-integral controller. The error between the desired and measured
angles was sent into the PI controller, which then output the commanded valve
voltage, uv. This delivers the appropriate pressure and flowrate of oil to track
the reference trajectory. A separate set of PI gains were used for each loading
scenario. These gains were chosen by following the Tyreus-Luyben tuning rules
since the Ziegler-Nichols rules yielded excessive overshoot [83].
2.5.3 Online recruitment control strategy
For the variable recruitment control case, we use the same Tyreus-Luyben tun-
ing rules to determine the PI gains, however the procedure is repeated for each
recruitment level for each loading condition. This generates three sets of gains
for each loading condition (instead of one set of gains as in the SEM case). The
control of each recruitment level in this multiple-input single-output (MISO)
system is handled by sending each active valve the same commanded voltage,
while the inactive valve(s) are commanded to vent to the reservoir. A high level
view of the system and controller is presented in Figure 2.13(a). The controller
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uses the error in addition to the measured pressures of each motor unit and the
supply line. These pressures are used in the state machine that determines the
minimum necessary recruitment level in real-time, which will be discussed in
Chapter 2.5.4.
(a)
(b)
Figure 2.13: (a) High level block diagram of the MISO controller and plant,
and (b) detailed block diagram of the controller.
The subsystem making up the controller block shown in Figure 2.13(a) is pre-
sented in more detail in Figure 2.13(b). As shown, the error is multiplied with
the proportional gain lookup table (LuT) output, and the integral of the error is
multiplied with the integral gain lookup table output. The results are summed
to yield the commanded valve voltage output from the PI controller. The LuT
blocks contain gains for each recruitment level, and the value used corresponds
to the instantaneous output from the recruitment logic state machine. The state
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machine determines what recruitment level to output based on an effective cur-
rent recruitment level pressure and set of thresholds. This effective recruitment
level pressure is obtained by simply averaging the measured pressures in the
active motor units.
This architecture is a form of gain scheduling, but it is used here for the
system’s hybrid nature rather than compensating for continuous nonlinearities
[63]. The switches on the right determine which servovalves to activate, also
based on the current state machine output. Valve 1 is always active since RL1
is the lowest recruitment level (hence there is no switch for uv1). If the system
is in RL1, then valves 2 and 3 are inactive and therefore commanded –5V, cor-
responding to the venting condition. If the system is in RL2, then EHSV1 and
EHSV2 are active and receive the same commanded output voltage from the PI
controller, while EHSV3 is commanded –5V. Lastly, if the system is in RL3, then
all three valves are active and are receiving the same commanded voltage from
the PI controller. These switch conditions are summarized in Table 2.1.
Table 2.1: Servovalve commanded voltage with recruitment level.
RL uv1 uv2 uv3
1 PIRL1 −5V −5V
2 PIRL2 PIRL2 −5V
3 PIRL3 PIRL3 PIRL3
66
2.5.4 Recruitment logic state machine
Determining the best way to switch recruitment levels is an important topic as
this directly affects the energy savings and system performance. The recruit-
ment logic state machine implementation is diagrammed in Figure 2.14(a). The
default state is RL1 upon system startup. The system will be controlled with
only EHSV1 and the PI gains associated with RL1. However once the pressure
builds to greater than or equal to 90% of the supply pressure, a recruitment
threshold is reached, and the recruitment state changes to RL2. At this moment,
the PI gains change and valves 1 and 2 are both active. Once the system has
reached RL2, two possibilities exist – it can either shift up to RL3 if the pres-
sure becomes greater than or equal to 90% of supply pressure, or, it can shift
down to RL1 if the pressure in RL2 drops to less than or equal to 40% of supply
pressure. If the system is in RL3, it can only shift down to RL2 if the pressure
drops to less than or equal to 53% of the supply pressure. This state machine
was implemented in our Simulink-based controller via Stateflow.
These recruitment threshold values were picked for several reasons. Choos-
ing 90% of supply pressure for the upshift thresholds allows for high efficiencies
due to operating near full supply pressure, while still maintaining acceptable
control authority; at 90% supply pressure, the servovalves still provide 32% of
the maximum flow gain. The downshift thresholds were chosen such that the
maximum corresponding pressure in the lower (post-shift) recruitment level is
80% of supply pressure. This was selected to introduce hysteresis into the state
machine for the purpose of avoiding chatter around a recruitment threshold,
hence preventing the system from rapidly switching back and forth between
two recruitment levels. This built-in hysteresis technique is commonly used in
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Figure 2.14: (a) Recruitment logic state machine, and (b) the associated
pressure thresholds.
automotive automatic transmission controllers, but instead of pressure thresh-
olds, throttle percent and engine speed are typically used [38, 5]. These recruit-
ment threshold pressures are plotted in Figure 2.14(b). Upward pointing trian-
gles and solid black arrows correspond to upshifts, while downward pointing
triangles and dashed black arrows correspond to downshifts. The circled points
are the thresholds used in the state machine in Figure 2.14(a), while the non-
circled points are the ideal pressures that these thresholds map to in the new
recruitment level (post-shift).
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2.6 Variable recruitment experimental results
2.6.1 SEM and variable recruitment tests with real-time orderly
recruitment
To compare variable recruitment to the single equivalent muscle baseline actua-
tor, we first chose a fixed supply pressure of 827 kPa (120 psi) since this was able
to lift the largest load to the maximum target angle. Both actuation approaches
lifted five different amounts of weight ranging from 0–9.07 kg (0–20 lb) in 2.27
kg (5 lb) increments, from an angle of –25◦ to +5◦ with respect to the horizontal.
These angles correspond to 4.4% to 14.6% strain in the muscle bundle. Although
the arm lifts 9.07 kg (20 lb) at the highest loading condition tested, the muscle
bundle experiences about 1157 N (260 lbf) of tension due to the lever arm geom-
etry.
The experimental efficiencies were computed by taking the ratio of the mea-
sured mechanical work output to the measured fluid energy input from the high
pressure rail. It is important to note that for this total efficiency, the fluid energy
being measured is what is being taken from the high pressure rail supplied by
the pump, therefore it only accounts for losses in the valves and actuators. This
is used because this research is aimed at reducing this value. A true total sys-
tem efficiency would start with the electrical power used by the pump, which is
not considered here (the typical mobile hydraulic system efficiency of 10–20%
reported in Chapter 2.1.2 uses this definition however). For the Wmech,out in these
calculations, only the portions when positive work occurs are included. On the
other hand, the total fluid consumed is used in this calculation, including por-
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tions when the muscle bundle is having work performed on it. Therefore, this
efficiency also incorporates the effects of the controller on actuation efficiency.
Hence, oscillations of the spool valve result in larger amounts of oil consumed
and degraded efficiency.
The single equivalent muscle served as the baseline for comparison, and
the five different loading conditions previously mentioned were tested. Once
steady cyclic tracking of the 14 Hz sinusoidal reference was attained (usually af-
ter about one to two full cycles), five full cycles were then saved. The positive
mechanical work was computed and averaged over these five cycles (for θ˙ > 0),
and all of the fluid energy consumed was computed and averaged over these
cycles as well. The calculation of efficiency follows Equation (2.16), with the
mechanical work and fluid energy consumed defined as the time integral of the
respective powers over the five cycles, given by
Wmech,out =
∫ t f
t0
FR cos (θ) θ˙dt, and (2.19)
E f luid,in,S =
∫ t f
t0
PSQSdt, (2.20)
where t0 is the initial time and t f is the final time, R is the lever arm of the
attachment point of the muscle bundle to the robot arm, F is the total measured
force of the bundle, θ and θ˙ are the robot arm’s measured joint angle and angular
velocity, and PS and QS are the measured supply pressure and flowrate.
The reference and measured arm angles for the SEM’s median loading case
of 4.54 kg (10 lb) are shown in the top of Figure 2.15(a). With simple PI control,
the measured angle follows the reference reasonably well, just with a phase lag
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of about 59◦. This was sufficient for the purposes of the experiments, as we
were primarily interested in studying the efficiency gains of online recruitment.
Additionally, the associated mechanical power output and fluid power input
are presented in the bottom of Figure 2.15(a); these are integrated with respect
to time in Equations (2.19) and (2.20) and substituted into Equation (2.16) to
yield the experimental efficiency values.
Implementing the developed variable recruitment controller, the same five
load-lifting tasks were performed. At the 0 and 2.27 kg (0 and 5 lb) loads, no
recruitment level shifting occurred because RL1 was able to reach +5◦ while
staying below the 90% supply pressure upshift threshold. The 4.54 kg (10 lb)
load required an upshift into RL2, and the 6.80 and 9.07 kg (15 and 20 lb) load
conditions both needed to recruit RL3. The percent cycle time spent in each
recruitment level during steady tracking is given in Table 2.2. It is pointed out
that while the bundle begins in RL1 (its default state) at the start of each test,
the 6.80 and 9.07 kg (15 and 20 lb) load cases only involve RL2 and RL3 during
steady cyclic tracking.
In addition to determining the efficiency gains made by this variable re-
cruitment actuation scheme, it was desired to see the effect of the recruitment
level transitions on the controller’s tracking abilities. Figure 2.15(b), 2.15(c), and
2.15(d) show the reference trajectory and measured arm angle, as well as the
current recruitment level for the 4.54, 6.80, and 9.07 kg (10, 15, and 20 lb) load-
ing cases respectively. These were the only cases that shifting occurred as the 0
and 2.27 kg (0 and 5lb) load cases only needed RL1 to reach the target angle and
showed similar tracking to Figure 2.15(a).
Figure 2.15(b) shows reasonable tracking, but the shifts in recruitment level
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Figure 2.15: (a) Single equivalent muscle (all motor units active) arm an-
gle tracking and the associated mechanical power output and
fluid power input versus time lifting the median 4.54 kg (10
lb) load, and real-time variable recruitment arm angle track-
ing and current recruitment level versus time lifting the (b)
4.54 kg (10 lb) load, (c) 6.80 kg (15 lb) load, and (d) 9.07 kg (20
lb) load.
do have a clear negative impact in terms of error. Around 1 s, there is an upshift
from RL1 to RL2. It can be seen that immediately following this upshift, the
position of the arm lags even further behind the reference. This is because the
previously inactive motor unit 2 needs to fill up with oil before it begins con-
tributing to the overall force output demanded of RL2. At about 2 s MU2 catches
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Table 2.2: Cycle time spent in each recruitment level for the five loading
conditions.
Cycle Time Spent In Each RL
Load Lifted RL1 (%) RL2 (%) RL3 (%)
0 kg (0 lb) 100 0 0
2.27 kg (5 lb) 100 0 0
4.54 kg (10 lb) 27 73 0
6.80 kg (15 lb) 0 57 43
9.07 kg (20 lb) 0 34 66
up and the tracking starts to behave more like Figure 2.15(a) again. At about 4
s, there is a downshift from RL2 to RL1. Immediately following this transition,
the rate at which the arm angle falls increases slightly, and then at the bottom
of the trajectory around –25◦ oscillations occur as the controller tries to compen-
sate. This occurs because when switching from RL2 at 40% of supply pressure
to RL1, the pressure in RL1 will likely be around this pressure as well (rather
than the highest possible pressure of 80% of supply pressure shown in Figure
2.14(b)). However, a higher pressure is needed in RL1 for a smooth transition as
discussed previously.
The 6.80 kg (15 lb) load case in Figure 2.15(c) shows the worst tracking out of
all the cases with shifting. It shows similar issues with the up and downshifts as
mentioned in the 4.54 kg (10 lb) case, but the upshift lag is dramatically worse.
The reason for this is that the upshift from RL2 to RL3 occurs at a much higher
angle, which corresponds to a much more contracted state of the bundle. This
means that as soon as RL3 is entered, MU3 is in a largely buckled state and
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requires even more oil volume to be delivered before it starts generating tension.
The 9.07 kg (20 lb) load case in Figure 2.15(d) shows better tracking than the
6.80 kg (15 lb) load even though it too is shifting between RL2 and RL3. This is
because due to the higher load, it needs to shift to RL3 at a much lower strain
value. The shift points occur at similar angles as the 4.54 kg (10 lb) load case,
which is why the tracking looks similar to Figure 2.15(b), even though the shifts
are occurring between different recruitment levels.
2.6.2 Efficiency discussion of the two actuation schemes
After performing all the robot arm tracking experiments lifting various loads, it
is desired to quantify the efficiency gains for this variable recruitment actuation
scheme. We use Equations (2.16), (2.19), and (2.20) to compute the experimental
efficiencies for both the single equivalent muscle and variable recruitment con-
figuration. The efficiency versus the load lifted is plotted for both cases in Figure
2.16. It is clear that at low loading conditions, variable recruitment yields much
higher efficiencies than the single equivalent muscle case. In RL1 we would ex-
pect efficiencies to be three times that of the single equivalent muscle, in RL2,
we would expect efficiencies to be 1.5 times that of the SEM, and in RL3 we
would expect the efficiencies to be the same; this trend is exhibited by the data.
We can develop a simple model to predict the efficiency of each recruitment
level at each loading scenario. First, we look at the mechanical work done by the
muscle bundle. Due to the geometry of the robot arm, the force that the mus-
cle bundle must generate to lift the robot arm and load is essentially constant
throughout the range of motion. Assuming this, we can write the mechanical
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work performed using Equation (2.17) but in terms of the angular displacement
of the arm as
Wmech,out = FR (sin(θ2) − sin(θ1)) , (2.21)
where F is the force the muscle bundle is producing based on the geometry of
the arm, R is the lever arm of the robot arm, and θ1 and θ2 correspond to the
initial and final angles the robot arm is swept through (–25◦ and +5◦ respec-
tively). The fluid energy used is given by Equation (2.18), where ∆VRL,max is the
volume delivered corresponding to the maximum recruitment level used in a
given test, and PS is the supply pressure assumed to be constant at 827 kPa
(120 psi). The volume delivered is computed using Equation (2.9), where the
maximum required recruitment level for that test, i, is determined based on the
semi-empirical force model in Equation (2.15) in conjunction with the current
load lifted, maximum target angle, and 90% supply pressure upshift threshold.
Under this definition, for the SEM, i = 3. We substitute these work and en-
ergy values into the total efficiency expression given in Equation (2.16), and this
model along with the aforementioned data is plotted in Figure 2.16. This simple
model adequately predicts the efficiency gains of variable recruitment. There
are a few points where the efficiency is over-predicted by the model – this can
be best explained by poor controller tracking and oscillations. This results in
additional expended oil with negligible increase in mechanical work done. For
the points where the data exceeds efficiency predictions, the pump supply pres-
sure would drop by about 10% at peak flow conditions, resulting in less fluid
energy delivered than our assumed constant supply pressure in the efficiency
equation, leading to higher experimental efficiencies.
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The solid blue, green, and red lines denote the path of highest efficiency.
The vertical portions occur when the bundle can’t reach the +5◦ target angle
and must transition to the next recruitment level, resulting in the sawtooth-like
pattern from these discrete transitions. These vertical portions are set by the
recruitment thresholds in the state machine, and therefore can be moved to the
left or right in the plot. If we slide it to the right by increasing the recruitment
threshold pressures, then even higher efficiencies can be attained since we stay
in lower recruitment levels longer. If we slide it to the left, lower efficiencies
result, but since this corresponds to a greater ∆P, the valves can provide more
flow resulting in higher possible actuator velocities. This sheds light onto the
fact that there is a trade-off between efficiency and performance, which is much
like the automatic transmission gear shift analogy.
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Figure 2.16: Experiment and model of efficiency versus load lifted for vari-
able recruitment and a single equivalent muscle.
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2.7 Discussion
Averaging the variable recruitment efficiency over the full range of loads tested
yields an average efficiency of 57%, while doing the same calculation for the
single equivalent muscle produces an average efficiency of 39%. That’s a dif-
ference in efficiency of 18% (46% increase) in efficiency. Comparing this to the
prediction given in Figure 2.4, one motor unit was expected to yield 50% effi-
ciency, while 3 motor units was expected to give 69.4%, which is a difference
of 19.4% (38.8% increase). The experimental efficiencies were lower overall due
to the fact that the transduction efficiency was neglected in this theoretical plot,
but the theory reasonably predicted the improvement (difference) in efficiency
due to variable recruitment.
In developing the controller for these tests, simple hysteretic pressure thresh-
olds were used in a state machine to trigger the discrete recruitment level shift-
ing events. This was effective from an efficiency and chatter standpoint, but this
simple strategy resulted in some additional error and lag at high strain shifts
due to the buckled state of the newly activated motor unit. While operating
near the supply pressure maximizes efficiency, it also marks a reduction in con-
trol authority as the flow gain is significantly reduced at higher pressures [47].
More advanced and nonlinear control techniques may need to be employed
for the muscle bundle to work well across all operating regimes. Incorporat-
ing model-predicted pressures for equivalent force output between recruitment
levels into future versions of the controller could also help smooth out the tran-
sitions at recruitment thresholds.
Lastly, in the development of a high efficiency untethered robotic system
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with variable recruitment, we would select an appropriately sized load-sensing
variable displacement pump. This would allow matching of the overall pres-
sure and flow demands of the system, which would greatly reduce the quiescent
flow losses of fixed displacement pumps as well.
2.8 Conclusions
This chapter first presented the development of a bioinspired variable recruit-
ment hydraulic McKibben muscle bundle. Design considerations were made in
the bundling hex manifold to fluidically connect the appropriate pairs of McK-
ibben muscles to serve as motor units, producing axis-symmetric force about
the full bundle’s attachment point. The quasi-static force-stroke behavior was
then investigated, and a model for each recruitment level was developed. In
this model, fluid volume delivered data was used in determining an effective
initial braid angle of each recruitment level, where the active muscle fibers were
assumed to have identical geometries. Empirical tuning parameters were em-
ployed to account for friction and elastic energy storage, and this model pre-
dicted significant efficiency gains with a variable recruitment actuation scheme
A real-time selective recruitment controller for a hydraulic artificial muscle
bundle was reported and implemented for the first time. This utilized a recruit-
ment logic state machine that selected the current recruitment level based on
measured pressures and a pressure threshold schedule. These thresholds were
chosen such that high efficiencies would be attained, while retaining sufficient
control authority. Additionally, hysteresis was built into the thresholds to pre-
vent rapid switching between recruitment levels. A lookup table was used to
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provide different sets of PI gains depending on the selected recruitment level,
while this recruitment level also determined which servovalves were active and
received the PI controller’s commanded voltage.
This real-time recruitment controller was tested on a single degree-of-
freedom robot arm, where efficiency was measured over five different loading
conditions. This data was compared to a single equivalent muscle case where
only throttling was used to control the system. As predicted by our model, vari-
able recruitment was shown to significantly improve efficiency in the low load
regions. When the highest recruitment state is required, the efficiency converges
to the single equivalent muscle case. Over the load ranges tested, variable re-
cruitment increased the average efficiency by 46% (difference of 18%) compared
to the single equivalent muscle case.
More advanced model-predictive and nonlinear control techniques are sug-
gested to better the trajectory tracking during transitions between recruitment
levels. Additionally, refinements to the technical design including improve-
ments to mitigate buckling in inactive elements and more compact packaging of
the actuators and valves are needed to facilitate applications. Finally, optimiza-
tion of a variable recruitment actuation system for an application like a mobile
robot will need to balance trade-offs between maximizing energy efficiency and
ensuring adequate actuator bandwidth, tracking performance, and speed.
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CHAPTER 3
MODEL-BASED FEEDFORWARD AND CASCADE CONTROL OF
HYDRAULIC MCKIBBEN MUSCLES
3.1 Introduction
McKibben muscles are most commonly used in anthropomorphic robots [69,
79, 26, 12] and assistive devices [25, 93, 56]. Their high force and power densi-
ties, low fabrication cost, skeletal muscle-like performance, and scalability make
them appealing for use in such systems [78]. In their original form, McKibben
muscles are made up of an elastomeric tube that is inserted into a helically wo-
ven mesh [15]. The mesh is typically braided with a bias angle (with respect to
the central axis) less than the neutral angle of 54.7◦, thereby allowing it to ex-
pand radially and contract axially; while it is not nearly as common, extensile
operation is also possible if the bias angle of the weave is greater than the neu-
tral angle [28]. One end of the actuator is plugged while the other end connects
to the fluid power supply. Pressurization of the McKibben muscle via the fluid
port causes contraction and/or tension depending on the load. Since these actu-
ators are single-acting, either an antagonistic pair or a restoring force is required
to achieve bi-directional motion.
While nearly all McKibben muscles are operated pneumatically (hence the
moniker pneumatic artificial muscle (PAM)), other means of actuation have
been explored. Takashima et al. impregnated the McKibben mesh with a shape
memory polymer so that the muscle can hold a fixed position without the need
for continuous control [75]. Sangian et al. developed thermally activated, paraf-
fin filled McKibben muscles to eliminate the need for a bulky prime mover [65].
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Ball et al. replaced the braided mesh of McKibben muscles with a tubular-knit
sleeve to attain more skeletal muscle-like force-stroke profiles with free contrac-
tions of over 50% [8]. Recently, variable recruitment of parallel McKibben mus-
cles has gained popularity as a way to increase energy efficiency [10, 62, 22, 44].
Several research groups have utilized hydraulic (oil or water) actuation for the
higher possible efficiency and stiffness [27, 51, 77, 45, 66, 92].
There has been significant controller development for pneumatically actu-
ated McKibben muscles [93, 56, 14, 80, 16, 67, 40, 30, 11, 48, 20, 89], however
there has been very little control system consideration for hydraulic artificial
muscles (HAMs) [92, 44]. This chapter investigates the angular position con-
trol system development for a robotic arm actuated with hydraulic McKibben
muscles lifting a fixed load. The primary objective was to achieve good angu-
lar position tracking over a range of frequencies up to 1 Hz, which is similar
to what is experienced in anthropomorphic robotic and orthotic applications.
Simpler control architectures were emphasized, therefore only augmentations
to classical control techniques were employed. All controllers were experimen-
tally assessed by performing angular position frequency and step response ex-
periments.
3.2 System definition
The hydraulic McKibben muscle controllers were developed for the robotic arm
testbed pictured in Figure 3.1. The arm can lift a variety of loads, but 4.54 kg
(10 lb) was used throughout the experiments presented in this chapter. A 4.54
kg (10 lb) load results in approximately a 578 N (130 lbf) static tension on the
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muscles due to the geometry of the arm.
Figure 3.1: The robot arm experimental test rig.
Six parallel hydraulic McKibben muscles actuate the arm. These were fab-
ricated using a silicone bladder with an inner diameter of 9.53 mm (3/8 in), an
outer diameter of 12.7 mm (1/2 in), and a shore hardness of 35 A. This bladder
was chosen for its hydraulic oil compatibility, as well as its relatively low shore
value so as to minimize elastic energy storage. A Kevlar braided mesh with
an expansion range of 12.7 mm (1/2 in) to 22.2 mm (7/8 in) in diameter was
used; Kevlar was chosen over the more common polyethylene or nylon due to
its more durable fibers. These components are held together with Eaton Weath-
erhead 06Z-R06 steel o-ring boss swivel crimp fittings. Each HAM has a 17.78
cm (7 in) active length, measured between the inside edge of the end fittings.
All six HAMs are fluidically connected to one Moog G761 62.5 Lpm (16.5
gpm) rated flow four-way electrohydraulic servovalve (EHSV). A Delta Com-
puter Systems VC2124 two axis voltage-to-current converter powered the valve.
Since the HAMs are single-acting and used in a gravity-return configuration, the
servovalve B-port was plugged. The pressure of all six HAMs is monitored with
one Measurement Specialties MSP-300-250-P-4-N-3 17.24 bar (250 psi) pressure
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transducer. A 2500 count per revolution US Digital E6 kit optical encoder mea-
sured the angle of the arm. Data acquisition and control commands were car-
ried out on a Quanser QPIDe I/O board with a sampling rate of 1 kHz, using
the MATLAB/Simulink environments and Quanser QUARC real-time control
software. A diagram of the robot arm, McKibben muscles, hydraulic circuit,
and sensing and control elements are shown in Figure 3.2.
Figure 3.2: Schematic of the whole system including the robot arm, McK-
ibben muscles, hydraulic system, and sensing and control.
3.3 Controller development
Many research groups have investigated control system development for pneu-
matic artificial muscles, however very few performed feedback control with
HAMs. Before beginning our controller development, a brief survey of existing
controllers for McKibben muscles and traditional hydraulics was carried out,
and is presented in Table 3.1. PAM control system development ranges from
simple classical control techniques such as PI and PID [20, 92], to adding dead
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time compensation [89] and cascaded loops [67, 48, 62], to adaptive [14] and
nonlinear control [80]. Xiang et al. used PID to control their water and air valves
supplying their combined hydraulic/pneumatic McKibben muscle. While vari-
able recruitment was the focus of the work, Meller et al. used PI-control for
their oil-filled McKibben muscles. Traditional hydraulic cylinder control usu-
ally stems from classical control schemes [70, 33, 42, 52], often augmented with
feedforward (ff) [33, 52].
Table 3.1: Survey of existing controllers for McKibben muscles and tradi-
tional hydraulics.
Author(s) Actuator Fluid Sensing Req’d Controller
This work McKibben Oil Angle, pressure Cascaded PI-P w/ ff
Meller et al. [44] McKibben Oil Angle PI
Xiang et al. [92] McKibben Water/air Angle PID
Woods et al. [89] McKibben Air Angle P w/ dead time comp.
Tondu et al. [80] McKibben Air Angle Sliding mode
Robinson et al. [62] McKibben Air Angle, pressure Cascaded PI-PI
Vo Minh et al. [48] McKibben Air Position, pressure Cascaded PI-PI w/ hysteresis ff
Caldwell et al. [14] McKibben Air Angle Adaptive linear
Schro¨der et al. [67] McKibben Air Angle, torque Cascaded PI-PI
De Volder et al. [20] McKibben Air Position PI
Manring [42] Cylinder Oil Position PI
Vickers [70] Cylinder Oil Position PID
Nachtwey [52] Cylinder Oil Position PID w/ vel. (and accel.) ff
Johnson [33] Cylinder Oil Position PIV w/ vel. (and accel.) ff
Sohl et al. [72] Cylinder Oil Position, pressure Feedback linearization
We consider three different controllers for our hydraulic McKibben muscle-
actuated robotic arm. These angular position tracking control laws determine
the commanded voltage to the electrohydraulic servovalve throttling the fluid
power to and from the McKibben muscles. It was desired to attain acceptable
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tracking over a range of frequencies up to 1 Hz since this is a common frequency
range in human motion [50], and therefore anthropomorphic robots and assis-
tive devices. Another goal was to keep the control architectures reasonably sim-
ple by only making improvements to classical control techniques.
3.3.1 PI-control
The first closed loop angular position controller tested, serving as the baseline
of comparison, is a classical proportional-integral (PI) controller. The error be-
tween the desired (θd) and measured (θ) angles was sent into the PI-controller,
which then output the commanded valve voltage, uv. A block diagram repre-
sentation of this is given in Figure 3.3. This attempts to deliver the pressure and
flowrate of oil required to track the reference trajectory. PI-control was chosen
as the baseline because it has shown to be the simplest useful control technique
spanning both PAMs and hydraulics [20, 44, 33, 42]. Additionally, including a
derivative term typically adds little to no performance enhancement in electro-
hydraulic servo-systems [33]. The gains were chosen in hardware by following
the Tyreus-Luyben tuning rules [83].
Figure 3.3: Block diagram for PI-control.
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3.3.2 PI-control with model-based feedforward
The second control architecture developed adds a feedforward term to the base-
line PI-controller. While feedforward can be utilized to minimize the effects of
known disturbances, it can also provide anticipative actions in tracking appli-
cations, which is how it is used it in this work [71].
In the traditional hydraulic control methods that use feedforward in Table
3.1, the most commonly implemented form consists of a gain multiplied with
the time derivative of the position reference signal [33, 52]. This method is used
primarily for reducing following error, and is often presented as an additional
gain to tune where the user blindly increases the gain while performing ramp
commands until this error is minimized. Fortunately this gain is a forgiving
parameter to tune and it does not affect loop stability [33].
Upon further investigation, a simple feedforward gain multiplied with the
time derivative of the position reference signal likely works so well in hydraulic
cylinder control because in steady conditions, the flowrate out of the valve is
directly proportional to the commanded voltage, and the flowrate demands are
directly proportional to the velocity of the cylinder; hence all of this informa-
tion can be lumped into one gain. It was desired to use a similar feedforward
methodology to reduce the following error in this work. Since McKibben mus-
cles are highly nonlinear and their flowrate is dependent on both position and
velocity (whereas cylinder flowrate is only a function of velocity), we decou-
pled the typical feedforward gain into a nonlinear predicted volumetric flowrate
model of the McKibben muscles and a linear flow gain of the EHSV.
The volumetric flowrate demands of the McKibben muscles were modeled
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following common assumptions that the HAMs maintain a cylindrical shape
throughout contraction, the Kevlar fibers are inextensible but flexible, and the
Kevlar mesh follows the pantograph opening principle [78]. For simplicity, we
also assume that all six parallel McKibben muscles are manufactured identically
so the volume equation is multiplied by a factor of six. Taking all this into ac-
count yields an equation for the volume of the HAMs as a function of the current
stroke and initial geometry
Vm = 6 · pir20
[
(l0 − x)
sin2(α0)
− (l0 − x)
3
l20 tan
2(α0)
]
, (3.1)
where r0 is the initial radius, l0 is the initial resting length, α0 is the initial angle
the mesh fibers make with respect to the longitudinal axis of the muscle, and
the stroke is defined as
x = l0 − l = R (sin(θ) − sin(θ0)) , (3.2)
where l is the current length of the HAMs, R is the distance between the attach-
ment point of the McKibbens and the robot arm “elbow” joint, θ is the angle the
robot arm makes with respect to the horizontal, and θ0 is the initial arm angle
when the HAMs are at their initial longest length. Taking the time derivatives of
Equations (3.1) and (3.2) and substituting yields the volumetric flowrate model
of the McKibben muscles
Qm = 6 · pir20 x˙
[
3 (l0 − x)2
l20 tan
2(α0)
− 1
sin2(α0)
]
. (3.3)
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In developing a model of the EHSV, we first assume that the dynamics of
the torque motor and flapper are fast enough to be negligible, hence the com-
manded valve voltage is directly proportional to the spool position. Others have
made this assumption as well [42, 72]. This is a reasonable assumption since
the maximum closed-loop frequency tested is 1 Hz and previous testing of this
EHSV when piloted at 17.24 bar (250 psi) yielded a bandwidth of 10 Hz (nor-
mally 40 Hz when piloted at 207 bar (3000 psi) [49]). While the pilot pressure
is 17.24 bar (250 psi), the supply pressure to the main stage of the valve (to the
McKibben muscles) is 7.6 bar (110 psi); this allows for improved valve perfor-
mance while minimizing the risk of the McKibben muscles bursting. We also
assume that the valve has a critically centered lap condition with square port
geometry (based on the valve datasheet [49], and validated in Figure 3.7 (a) of
Chapter 3.4.2), and that the flow obeys the orifice equation, which gives
Qv =

cvuv
√
PS − Pm for uv > 0
0 for uv = 0,
−cvuv
√
Pm − PT for uv < 0
(3.4)
where cv is the valve orifice coefficient, PS is the pump supply pressure, Pm is
the pressure in the McKibben muscles, and PT is the tank pressure [47, 42, 72].
In order to estimate the flowrate through the valve at a given voltage ap-
plied, without the need for updating estimates or measurements of the system
pressures, a linearization about the null conditions was used; this is when the
valve spool is centered, there is no flow, the tank pressure is assumed to be zero
for simplicity, and the actuator pressure is assumed to be one half the supply
pressure. In taking the Taylor series expansion for the linearization, we must
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take the partial derivatives of Equation (3.4) with respect to the valve voltage
and muscle pressure. For critically centered valves, we know that the partial
derivative of Equation (3.4) with respect to the muscle pressure evaluated at the
null condition is zero, hence we only need to consider the partial derivative of
Equation (3.4) with respect to the valve voltage, which is also known as the flow
gain [47, 42]
Kq0 =
∂Qv
∂uv
∣∣∣∣∣
0
= cv
√
1
2
PS . (3.5)
Hence, the linearized flow equation is given by
Qv,lin ≈ Kq0uv. (3.6)
If we assume that the compressibility and pressure dynamics of the fluid
are negligible, then we can state that the linearized valve flow in Equation (3.6)
must equal the volumetric flowrate into the muscle given in Equation (3.3). Re-
arranging this equation for the commanded valve voltage yields the feedfor-
ward term in our control law
u f f = Qm(θd, θ˙d)/Kq0. (3.7)
Assuming negligible pressure dynamics is reasonable since our load dynamics
are on the order of one second while the pressure dynamics are typically on the
order of milliseconds [42]. This feedforward term in Equation (3.7) is shown
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in the block diagram representing the overall combined feedforward/feedback
control law in Figure 3.4.
Figure 3.4: Block diagram for PI-control with model-based feedforward.
3.3.3 Cascaded PI-P-control with model-based feedforward
Several groups have implemented a cascaded PI-PI architecture when control-
ling PAMs [67, 48, 62]. Cascade control has the added benefit of improved dis-
turbance rejection to the primary controlled variable; however, it requires the
addition of a sensor to measure another variable, and that the inner loop dy-
namics are much faster than the outer loop dynamics [43]. The last scheme im-
plemented in this chapter adds an inner control loop with pressure feedback to
the second developed architecture from Figure 3.4. The outer PI-control loop is
for angular positioning; instead of its output being the feedback controller por-
tion of the commanded valve voltage as in Chapter 3.3.2, its output is now the
pressure reference for the inner secondary loop. The inner proportional (P) con-
trol loop tracks the desired pressure set by the outer loop. P-control was chosen
over PI-control to avoid potential competing dynamics of the cascaded loops,
and the integral action of the outer loop is sufficient for eliminating steady-state
error of the arm angle. The gain tuning process began with the inner loop as
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suggested in Marlin’s book [43]. The proportional gain was chosen to be the
inverse of the valve’s pressure sensitivity. Then the inner loop was fixed and
treated as if it were part of the plant, and the outer loop was tuned as described
in Chapter 3.3.1. The block diagram representing this control scheme is shown
in Figure 3.5.
Figure 3.5: Block diagram for cascaded PI-P-control with model-based
feedforward.
3.4 Parameter identification for feedforward compensation
3.4.1 Effective initial braid angle of the parallel McKibben
muscles
In Chapter 3.3.2, the developed feedforward term is heavily dependent on the
initial braid angle of the six parallel McKibben muscles. Hence, it was desired to
obtain an accurate estimate of the effective initial braid angle from experimental
data. The procedure for determining this involved measuring the volume of oil
delivered to the McKibben muscles as a function of robot arm angle. An Omega
FPD2003 0.114-26.5 Lpm (0.03-7 gpm) range positive displacement flowmeter
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measured the volume delivered, while the aforementioned encoder measured
the arm angle. As stated previously, we assume that each McKibben muscle is
fabricated identically and therefore all six HAMs are operating with the same
effective initial braid angle. We can subtract the initial volume from Equation
(3.1) to get an expression for the volume delivered to the muscles as the arm
contracts from its initial condition, given as
∆Vm = 6 · pir20
[
(l0 − x)
sin2(α0)
− (l0 − x)
3
l20 tan
2(α0)
− l0
]
. (3.8)
To get Equation (3.8) in terms of robot arm angle, Equation (3.2) is substituted;
using this result and experimental data, a least squares fit was performed to
obtain the effective initial braid angle of 29.7◦. The model and experimental
data is plotted in Figure 3.6 showing good agreement.
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Figure 3.6: Volume of oil delivered as a function of robot arm angle for the
six parallel McKibben muscles and the associated model for
identification of the effective initial braid angle.
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3.4.2 Electrohydraulic servovalve flow gain
In most applications, a reasonable estimate of the flow gain can be made from
an EHSV’s datasheet and using Equation (3.5). However, we are running the
valves at pressures about 3.7% of normal operating conditions, and our EHSV
can allow more flowrate than our pump can supply. Therefore in order to obtain
a more accurate representation of the flow gain of our combined valve-pump
system, several tests were performed. First, the A and B ports of the valve
were connected directly. The same Omega FPD2003 flowmeter measured the
volumetric flowrate supplied to the valve. The commanded valve voltage was
sinusoidally cycled from -10 to 10 V at 0.25 Hz for five different supply pres-
sures, ranging from 3.45 bar (50 psi) to 17.24 bar (250 psi) in 3.45 bar (50 psi)
increments.
Figure 3.7 (a) shows the EHSV no-load flowrate as a function of the com-
manded valve voltage for a supply pressure of 17.24 bar (250 psi). This plot is
included for two reasons: 1) to show that the assumption of a critically centered
lap condition in the valve spool is reasonable, marked by the minimal deadband
exhibited around the null condition, and 2) to demonstrate how the flow gain
at a given pressure is determined by taking the average voltage at ± 40% of the
saturation flowrate and finding the slope between these two points, shown as
the red dots and red dashed line respectively [3]. The flow gain found from Fig-
ure 3.7 (a) yields the far right data point in Figure 3.7 (b). Figure 3.7 (b) shows
the other pressures tested as well as the model of the flow gain as a function of
supply pressure using Equation (3.5). A least squares fit was used to determine
an estimate of cv in this equation; a value of 1.34 Lpm·V−1·bar−1/2 was identified,
whereas 1.07 Lpm·V−1·bar−1/2 was calculated from the datasheet. Expressing the
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model of the flow gain over a range of pressures is convenient for allowing the
selection of different system supply pressures. The supply pressure of our sys-
tem averaged 7.6 bar (110 psi), hence the flow gain at this pressure was used
throughout.
−10 −5 0 5 10
−10
−5
0
5
10
Kq0
1 +/− 40%
  Q
sat
Commanded Valve Voltage [V]
Va
lv
e 
N
o−
Lo
ad
 F
lo
w 
[Lp
m]
 
 
Flowrate at PS = 17 bar
Average Flow Gain, Kq0
(a)
0 5 10 15 20
0
1
2
3
4
5
Pressure [bar]
Fl
ow
 G
ai
n 
[Lp
m/
V]
 
 
Flow Gain Data
Flow Gain Model
(b)
Figure 3.7: (a) Experimentally determined average null flow gain at 17 bar
(250 psi), and (b) null flow gain as a function of pressure and
associated model.
3.5 Angular position tracking experiments for developed con-
trollers
In order to evaluate the performance of the developed controllers, a series of
experiments was conducted on the robot arm. First, we consider the angular
position tracking abilities following a sinusoidal reference trajectory. Then, we
do this over a range of frequencies from 1/8 to 1 Hz in 1/8 Hz increments to
obtain a frequency response. Lastly, a smooth approximation of a step response
test is conducted.
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3.5.1 Sinusoidal angular position tracking
In observing the sinusoidal angular position tracking of each controller in detail,
we consider 1/4 Hz as the lower frequency and 1 Hz as the higher frequency
tested in our range of interest. Experiments at these two frequencies with a 10
degree peak-to-peak amplitude are shown for each of the developed controllers.
In addition to the reference and measured angles, the instantaneous error is
plotted.
Beginning with the baseline of comparison, the PI-controller tracking of the
1/4 Hz sine wave is shown in Figure 3.8 (a), and its tracking of the 1 Hz sine
wave is shown in Figure 3.8 (b). At 1/4 Hz, the peak-to-peak tracking is rea-
sonable, however there is a significant phase lag of approximately 67 degrees,
resulting in the large instantaneous error. At 1 Hz, the attenuation is so severe
that it is only reaching about 28% of the reference amplitude, and the phase lag
is even worse than in Figure 3.8 (a).
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Figure 3.8: Sinusoidal angular position tracking for PI-control at (a) 1/4
Hz, and (b) 1 Hz.
Next, the same two tracking tasks were tested using the feedforward term
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added to the PI-controller as shown in Figure 3.4. In Figure 3.9 (a), it is clear
that the 1/4 Hz sine wave tracking reaches the desired 10 degree peak-to-peak
amplitude, like with the PI-controller in Figure 3.8 (a), however the phase lag
has been entirely removed. At 1 Hz, the tracking shown in Figure 3.9 (b) is dras-
tically improved over Figure 3.8 (b) as both the attenuation and phase lag have
been almost completely eliminated. There is a slight lag, especially at the bot-
tom of the trajectory, but overall the shape of the reference is mostly preserved
in the response.
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Figure 3.9: Sinusoidal angular position tracking for PI-control with a
model-based feedforward term at (a) 1/4 Hz, and (b) 1 Hz.
Testing the last developed controller, with the addition of the inner pressure
feedback loop to the second architecture as shown in Figure 3.5, the same track-
ing tasks were once again performed. This is shown in Figure 3.10, and tracking
in both (a) and (b) is quite similar to that seen in Figure 3.9 (a) and (b). The
main difference being that the shape of the reference trajectory appears to be
slightly better preserved with a little less overshoot. Therefore the addition of
the cascaded architecture seems to have minimally changed the tracking of Fig-
ure 3.9, but is significantly better than Figure 3.8. The benefits of the this nested
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pressure loop will become more clear in Chapter 3.5.3.
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Figure 3.10: Sinusoidal angular position tracking for cascaded PI-P-
control with a model-based feedforward term at (a) 1/4 Hz,
and (b) 1 Hz.
3.5.2 Frequency response
For the frequency response experiments, the previous tests in Chapter 3.5.1 were
repeated to span the frequency range from 1/8 Hz to 1 Hz in 1/8 Hz increments.
To quantify the performance differences between the three control architectures,
a Bode plot and root mean square (RMS) error plot are included in Figure 3.11
(a) and (b) respectively.
It is clear in the Bode magnitude plot that solely PI-control is insufficient
since the −3 dB bandwidth occurs at about 3/8 Hz. Additionally, there is signif-
icant overshoot at 1/8 Hz, and as frequency is increased, the attenuation quickly
becomes unacceptable (up to −11 dB at 1 Hz). The phase lag is quite large over
the full frequency range tested as well. Both the PI-control with feedforward
and cascaded PI-P control with feedforward show similar improved Bode char-
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acteristics, with the exception that the former shows slightly more overshoot in
the mid-range of frequencies tested, and the latter remains slightly closer to 0
dB throughout. Similar results are seen in the RMS error plot, where the PI-
controller quickly jumps to over 4 degrees of error, while both the PI-control
with feedforward and cascaded PI-P-control with feedforward stay below 1 de-
gree of error for the majority of frequencies tested.
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Figure 3.11: (a) Bode plot, and (b) RMS error plot of all controllers tested
tracking a 10 degree peak-to-peak amplitude reference.
3.5.3 Step response
The last test used to evaluate the different controllers was a step response. Since
a true step function would demand infinite flowrate from the feedforward term,
a ‘smooth’ step approximation was used. Sohl et al. utilized a 7th order polyno-
mial step approximation [72], and Weisstein presented various ways including
exponentials or a hyperbolic tangent function [87]. We chose to employ a hy-
perbolic tangent approximation of a 10 degree step with a 10 to 90% rise time of
0.088 s. This represents a rapid command, but does not saturate the valve com-
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mand signal (although it is in the highly nonlinear region); this approximation
is given by
θd(t) =
1
2
[
10 · tanh
(
t − 5
0.04
− 10
)]
. (3.9)
Using Equation (3.9) as the reference, the smooth step response of the three
controllers is shown in Figure 3.12 (a). Visually comparing these, the PI-
controller, in the top portion of this plot, has the slowest response in terms of
both rise and settling times, and has the most overshoot. This makes sense since
it has the lowest commanded valve voltage initially, seen in Figure 3.12 (b). The
PI-controller with feedforward compensation, whose response is given in the
middle of Figure 3.12 (a), has a faster rise time due to the anticipative action
of the feedforward term, noted by the large spike in control effort initially in
Figure 3.12 (b), but has a similar settling time. The overshoot is also smaller,
due to the integrator not winding up as much because the feedforward term
reduces the initial error. Lastly, the cascaded PI-P-controller with feedforward
is presented in the bottom of this figure. This controller clearly has the fastest
rise time and settling time when looking at both Figure 3.12 (a) and (b), but has
some additional oscillation near the step event.
3.6 Discussion
While the feedforward implemented in this work provides anticipative action
in response to changing command profiles, it has zero robustness in terms of
changing loads, different operating conditions (such as temperature), or servo-
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Figure 3.12: (a) Step response of all controllers tested (from top to bot-
tom: PI, PI with feedforward, and cascaded PI-P with feed-
forward), and (b) associated control inputs.
loop degradation [33]. The feedforward is intended to provide most of the con-
trol effort, while the feedback control portion handles the remaining errors and
unpredictable system changes.
One concern of using this feedforward term is its inability to manage chang-
ing loads. Varying loads correspond to varying pressures, which in turn affects
the flowrates out of the valve and degrades tracking. Therefore it was desired to
observe the pressure ranges experienced in the most demanding tracking tests
above. Even though we considered a fixed load, since we are using McKibben
muscles, the pressure must change to achieve different robot arm angles.
The ratio of the measured actuator pressure to the measured supply pres-
sure for the 1 Hz tracking tasks with all controllers tested is given in Figure
3.13 (a). This ratio is presented instead of the raw actuator pressure since it bet-
ter represents the operating range and proximity to saturation. It is clear that a
large pressure range was spanned while the tracking with the feedforward term
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was still acceptable. The pressure range experienced was wider than the recom-
mended range by Merritt for control authority purposes [47], showing that the
feedforward is still helpful even though the pressure largely deviates from the
1
2PS linearization point.
The commanded valve voltages for all tested controllers during the 1 Hz
sinusoidal tracking task are presented in Figure 3.13 (b). The calculated feedfor-
ward portion is given as well. The fact that the magnitude of the commanded
voltages do not exceed 1.5 V demonstrates that the voltages stayed within the
linear region of the valve flow-voltage relationship; hence from this perspec-
tive, the null flow gain used is an accurate representation of this relationship. It
is also noted how closely the feedforward voltage matches the ultimately com-
manded valve voltages for the PI with feedforward, and cascaded PI-P with
feedforward. This shows that the feedforward term is a good approximation of
the demands of the system, and the feedback components are making relatively
small contributions to compensate for the small errors mainly due to unmod-
eled dynamics such as acceleration.
A summary of some key performance metrics comparing the three con-
trollers is presented in Table 3.2. The PI-controller is the simplest and cheapest
to implement, but also has the worst dynamic performance of the controllers
tested. With the addition of the model-based feedforward term, the tracking
performance was significantly improved. It is important to note that this con-
troller has the same disturbance rejection as the PI-only controller. The last con-
trol scheme, which added the nested pressure feedback loop within the second
architecture, showed overall the best dynamic performance due to improved
settling time, however this controller has the most gains to tune and requires an
102
0 1 2 3 4
0
20
40
60
80
100
Time [s]
P m
 
/ P
S 
×
 
10
0 
[%
]
 
 
PI
PI,FF
PI−P,FF
  1 Hz
(a)
0 1 2 3 4
−2
−1
0
1
2
Time [s]
Va
lv
e 
Vo
lta
ge
, u
v 
[V
]
 
 
PI
PI,FF
PI−P,FF
FF
  1 Hz
(b)
Figure 3.13: (a) The ratio of actuator pressure to supply pressure, and (b)
the commanded valve voltages of all controllers tested at 1
Hz.
additional sensor (pressure transducer).
Table 3.2: Comparison of controllers tested.
PI PI,FF PI-P,FF
Rise Time (0→100%) [s] 0.88 0.61 0.27
Delay Time [s] 0.26 0.13 0.16
Settling Time (5%) [s] 7.52 7.38 1.81
Max Overshoot [%] 22.8 13.8 20.3
−3 dB Bandwidth 3/8 Hz > 1 Hz > 1 Hz
Phase Lag poor good good
Disturbance Rejection fair fair good
No. of Gains to Tune 2 3 4
No. of Sensors 1 1 2
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3.7 Conclusions
This study experimentally investigated the control of HAMs, demonstrating
that hydraulic actuation and control of McKibben muscles at pressures much
lower than what is used in traditional hydraulics is feasible. We first showed
that using solely PI-control results in poor tracking, marked by a large phase lag
at low frequencies and severe attenuation at higher frequencies. Next, we added
to the PI-controller a model-based feedforward term that takes into account the
predicted nonlinear volumetric flowrate demands of the hydraulic McKibben
muscles, as well as the linearized flow gain of the electrohydraulic servovalve;
the phase lag and attenuation exhibited by the PI-controller were almost com-
pletely eliminated over the frequency range tested. Lastly, an inner pressure
feedback loop was included in the previous scheme to create a cascaded PI-P-
controller with the feedforward term; this architecture decreased the rise and
settling times in addition to allowing for improved disturbance rejection.
These augmentations of classical control techniques were satisfactory for our
tracking purposes. Extensions of this work to further enhance performance
could pursue several approaches. If performance is limited by system force
capability, including an antagonistic pair, additional McKibben muscles, or in-
creasing operating pressure will yield faster response times. If an asymmetric
load is experienced, the valve flow gain in the feedforward branch could be split
into two values: one for raising the arm, and one for lowering. Improved track-
ing is also possible with the addition of an acceleration feedforward, which is
a relatively common next step in hydraulic cylinder control, however it would
need to be adjusted for the nonlinear behavior of the McKibben muscles. Fur-
ther performance improvements may also be possible by taking into account the
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pressure dynamics and using feedback linearization with full state feedback.
This chapter originally appeared as:
Michael Meller, Boris Kogan, Matthew Bryant, and Ephrahim Gar-
cia. Model-based feedforward and cascade control of hydraulic McK-
ibben muscles. Sensors and Actuators A: Physical, 2016.
In review.
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CONCLUSIONS
Chapter 1 experimentally characterized the transduction efficiency of FAMs
when converting the fluid input energy to mechanical output work. In order to
discover where these actuators perform best, net-work efficiency experiments
were performed over a range of pressures, in addition to studying the effects of
the muscle’s contraction state. To attain the highest efficiencies for a traditional
latex bladder FAM, it was determined that higher operating pressures and ac-
tuating in a stroke range closer to the blocked force was best. We found that
over the pressure range tested, hydraulic operation resulted in over twice the
efficiency of the pneumatic case due to its higher bulk modulus. Two new hy-
draulic fluid resistant bladders were investigated. Viton, an elastomeric tube
with the same thickness as the latex bladder, was the first alternative presented.
Due to it’s higher Shore hardness, Viton had inferior contraction abilities in ad-
dition to reduced efficiencies. An LDPE bag served as the second hydraulic
fluid compatible bladder alternative, which had to fold and unfold within the
mesh as the muscle was activated. This muscle had superior force output, con-
traction, and efficiency compared to the other two elastomeric bladder muscles,
however it also had the largest hysteresis. The LDPE muscle has a maximum
efficiency of almost 80% over its full actuation cycle when run hydraulically,
compared to 60% when using a latex bladder muscle, and 27% when the latex
muscle is run pneumatically.
Chapter 2 first presented the development of a bioinspired variable recruit-
ment hydraulic McKibben muscle bundle. The quasi-static force-stroke behav-
ior was investigated, and a model for each recruitment level was formulated.
This model predicted significant efficiency gains with a variable recruitment ac-
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tuation scheme. A real-time selective recruitment controller for the developed
hydraulic artificial muscle bundle was implemented. This utilized a recruit-
ment logic state machine that selected the current recruitment level based on
measured pressures and a pressure threshold schedule. These thresholds were
chosen such that high efficiencies would be attained, while retaining sufficient
control authority. Additionally, hysteresis was built into the thresholds to pre-
vent rapid switching between recruitment levels. The current recruitment level
determined what gains to use in the controller and which servovalves to acti-
vate. This live recruitment controller was tested on a single degree-of-freedom
robot arm, where efficiency was measured over a range of loading conditions.
This data was compared to a single equivalent muscle case where only throttling
was used to control the system. As predicted by our model, variable recruitment
was shown to significantly improve efficiency in the low load regions. Over the
load ranges tested, variable recruitment increased the average efficiency by 46%
(difference of 18%) compared to the single equivalent muscle case.
Chapter 3 experimentally investigated improved control of HAMs (without
variable recruitment). Using solely PI-control resulted in poor tracking, marked
by a large phase lag at low frequencies and severe attenuation at higher frequen-
cies. A model-based feedforward term that takes into account the predicted
nonlinear volumetric flowrate demands of the hydraulic McKibben muscles, as
well as the linearized flow gain of the electrohydraulic servovalve was added
to the PI-controller; the phase lag and attenuation exhibited by PI-control were
almost completely eliminated over the frequency range tested. Lastly, an in-
ner pressure feedback loop was included in the previous scheme to create a
cascaded PI-P-controller with the feedforward term; this architecture further
improved tracking by decreasing the rise and settling times.
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In summary, this thesis presents the following novel contributions:
• Chapter 1 Contributions:
(Reconsidering the McKibben muscle: energetics, operating fluid, and bladder
material)
– The energetic efficiency of McKibben muscles was experimentally
characterized over a range of pressures and contraction levels
– It was demonstrated that actuating McKibben muscles hydraulically
rather than pneumatically can result in over double the efficiency
– Using an LDPE bag bladder allowed the McKibben muscle to con-
tract almost immediately, while more pressure is required to achieve
the same strain in elastomeric bladders
– Modeling the McKibben mesh as a cylinder over its full contraction
range was experimentally validated to be extremely accurate
– Using McKibben muscles hydraulically at higher pressures with an
inelastic bladder was shown to yield the best efficiencies: at 75psi, the
pneumatic latex bladder McKibben has an efficiency of 27% while a
hydraulic LDPE bladder muscle attained 80%
• Chapter 2 Contributions:
(Improving actuation efficiency through variable recruitment hydraulic McK-
ibben muscles: modeling, orderly recruitment control, and experiments)
– A proof-of-concept variable recruitment hydraulic McKibben muscle
bundle was developed for reducing servovalve throttling losses
– A volume-based effective initial braid angle was used for a more ac-
curate semi-empirical model of each recruitment level of the bundle
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– The developed model was used to predict the efficiency gains of vari-
able recruitment compared to a throttling-only approach
– The effect of the total number of recruitment levels was considered,
showing that higher numbers of recruitment levels yield higher effi-
ciencies, however with diminishing returns
– A real-time, hysteretic pressure threshold-based orderly recruitment
controller was implemented to minimize the number of active McK-
ibben pairs, hence reducing fluid power consumption
– Over the range of loads tested, variable recruitment yielded an 18%
higher (1.46 ×) average efficiency compared to the throttling-only ap-
proach, and agreed well with the theoretical predictions
• Chapter 3 Contributions:
(Model-based feedforward and cascade control of hydraulic McKibben muscles)
– One of the first hydraulic McKibben controllers was developed
– Angular position tracking was improved through simple augmenta-
tions to classical control techniques
– A feedforward term comprised of the model-based volumetric
flowrate demands of the McKibben muscles in conjunction with the
electrohydraulic servovalve flow gain was formulated
– This feedforward successfully removed the phase lag and attenuation
seen with solely PI-control over the frequency range tested
– A nested pressure feedback loop was added to create a cascaded PI-
P-controller (still with feedforward) that yielded faster setting times
– These improvements lend themselves well to more advanced vari-
able recruitment control techniques
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Future directions:
To further improve the effectiveness and efficiency of variable recruitment,
several considerations should be made: 1. muscle fiber construction, 2. number
and arrangement of motor units, 3. valving, 4. control strategy, and 5. system
integration.
1. Since higher pressure operation yields higher efficiency, the construction
of the muscles should be modified to allow for this. The LDPE muscle
from Chapter 1 works well at low pressures, but consistent use over 100
psi led to bladder rupture. Currently, the silicone bladder McKibben mus-
cles used in Chapters 2 and 3 can only withstand up to 150 psi for extended
periods of time (tens of thousands of cycles). The McKibben muscles ide-
ally should be able to withstand high pressures (on the order of 1000-3000
psi) to millions of cycles without impeding contraction. A shift in con-
struction towards a braided sheath embedded in an oil-resistant elastomer
(similar to FESTO Fluidic Muscles, but rated for > 10× the pressure) to
help prevent braid separation and bladder rupture could help enable this.
2. The proof-of-concept muscle bundle in Chapter 2 had three levels of re-
cruitment, but it was shown that higher numbers of recruitment levels will
yield higher efficiencies. Therefore, future iterations should strive to have
more motor units. The current arrangement has opposite pairs of muscle
fibers fluidically connected to allow for purely axial tension generation –
this method could still be used, but doesn’t necessarily require the num-
ber of muscle fibers per motor unit to be two. The hexagonal bundling
manifold end caps were developed to mechanically attach the muscles in
parallel and fluidcally connect the opposite pairs of muscle fibers. More
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consideration of how to densely achieve this with more motor units, as
well as better handle the buckling of inactive muscle fibers (from a me-
chanical standpoint of fatigue and potentially getting caught on items in
the surrounding environment) is required. Additionally, the muscle fibers
used here are identically sized – it may be beneficial to include different
sized muscle fibers in the muscle bundle.
3. Once more muscle fibers have been included in the muscle bundle, the
next challenge is how to allow the flow of pressurized fluid to the appro-
priate motor units in a compact manner. The configuration in Chapter 2
uses three total EHSVs – one EHSV to control each opposite pair of McK-
ibben muscle fibers (making up a motor unit). With small numbers of mo-
tor units this approach might be acceptable, but with higher numbers, this
would prove too bulky and new valving configurations should be consid-
ered. If the number of motor units gets high enough, then operation might
be able to be performed smoothly in a more binary fashion without large
jumps in force output.
4. Chapter 3 presented some simple augmentations to classical control that
resulted in far better trajectory tracking for a throttling-only control ap-
proach. These techniques could be applied to variable recruitment to help
remove the phase lag seen in the tracking in Chapter 2. Additionally, more
thought should be given to allow for smooth transitions when shifting up
or down between recruitment levels. This could be assisted by enforc-
ing pressure requirements on each motor unit using inner control loops
within an outer position control loop. Pre-filling the next inactive motor
unit just prior to an upshift in recruitment level could mitigate the lag ob-
served in Chapter 2 when this occurred – which was especially apparent
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in high strain upshifts. If even more advanced control is required, then
model-predictive and nonlinear control techniques are suggested to better
the trajectory tracking during transitions between recruitment levels.
5. The work of Chapter 2 focused on improving hydraulic actuation effi-
ciency through reducing servovalve throttling losses as these are currently
the largest inefficiencies system wide. However, once these losses have
been decreased through variable recruitment, system integration must be
considered to ensure efficient operation remains. The valves and actua-
tors receive pressurized fluid from a pump, which has been treated as an
ideal pressure source thus far. A fixed displacement pump would con-
stantly run and bleed off excess fluid power over a relief valve, which is
highly inefficient. Therefore a load-sensing variable displacement pump
should be used to help match the pressure and flow demands of all the ac-
tuators. Since a load-sensing pump can only lower its supply pressure to
the highest demanding actuator, a semi-distributed pump layout (the de-
sign space between one pump per actuator, and one pump for the whole
system) could also prove beneficial. If the overall system efficiency is high
enough, then the heat generation may be low enough to eliminate the need
for a cooling system. Lastly, in utilizing a variable recruitment actuation
scheme, the designer will need to weigh trade-offs between energy effi-
ciency and ensuring sufficient control authority.
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